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ABSTRACT 
 
Introduction: 
Fracture rates in childhood are as high as those in the elderly. Recent research has been 
undertaken to understand the reasons for this, but there is little information available on ethnic 
differences in childhood fracture rates. 
  
Aims:  
1) To determine the incidence or rates of fractures, the common sites of fractures, the 
causes of fractures and grades of trauma causing fractures in urban South African 
children of different ethnic groups from birth until 17/18 years of age. 
2) To investigate the association between fracture prevalence, bone mass and physical 
activity in South African children.  
3) To assess associations of fracture prevalence and bone mass in adolescents with 
maternal fracture history and bone mass and sibling fracture history. 
 
Design:  
Using the Birth to Twenty longitudinal cohort of children, we obtained retrospective 
information on fractures and their sites from birth to 14.9 years of age on 2031 participants. 
The ethnic breakdown of the children was black (B) 78%, white (W) 9%, mixed ancestry 
(MA) 10.5% and Indian (I) 1.5%. 
ix 
 
Using the Bone Health cohort of the Birth to Twenty longitudinal study, we retrospectively 
obtained information of lifetime fractures until age 14.9 years in 533 subjects. Bone mass 
(measured by DXA), anthropometric data, physical activity scores and skeletal maturity were 
obtained at age 10 and 15 years. Comparisons were made between those who did and did not 
fracture within the same sex and ethnic groups.  
The third component of the thesis utilized data from 1389 adolescent-biological mother pairs 
of the Birth to Twenty (Bt20) longitudinal study. Questionnaires were completed on 
adolescent fractures until 17/18 years of age and on sibling fractures. Biological mothers 
completed questionnaires on their own fractures prior to the age of 18 years. Anthropometric 
and bone mass data on adolescent-biological mother pairs were collected. 
 
Results:  
Twenty two percent of children had sustained a fracture one or more times during the first 15 
years of life (males 27.5% and females 16.3%; p<0.001). The percentage of children 
fracturing differed between the ethnic groups (W 41.5%, B 19%, MA 21%, I 30%; p<0.001). 
Of the children reporting fractures, 20% sustained multiple fractures.  The most common site 
of fracture was the upper limb (57%). 
In the second component of the thesis, white males who fractured were found to be 
significantly taller (10 years p < 0.05), more physically active (15 years p < 0.01) and had 
higher lean body mass (10 years p=0.001; 15 years p<0.05) than those who did not fracture; 
while white females, who fractured, were fatter (10 and 15 years p< 0.05), than their non-
fracturing peers. White males who fractured had greater BA (bone area) and BMC (bone 
mineral content) at most sites at 10 and 15 years; BA and BMC were no different between 
x 
 
fracturing and non-fracturing children in the other ethnic groups. No anthropometric or bone 
mass differences were found between black children with or without fractures.  
The third component of the thesis showed that an adolescent’s risk of lifetime fracture 
decreased with increasing maternal lumbar spine (LS) BMC (24% reduction in fracture risk 
for every unit increase in maternal LS BMC Z-score) and increased if they were white, male 
or had a sibling with a history of fracture. Adolescent height, weight, male gender, maternal 
BA and BMC, and white ethnicity were positive predictors of adolescent bone mass. White 
adolescents and their mothers had a higher fracture prevalence (adolescents: 42%, mothers: 
31%) compared to the black (adolescents: 20%, mothers: 6%) and mixed ancestry 
(adolescents: 20%, mothers: 16%) groups. 
 
Conclusion: 
More than twice as many South African white children fracture compared to black and mixed 
ancestry children. This is the first study to show ethnic differences in fracture rates among 
children; a pattern that is similar to that found in South African postmenopausal women. The 
factor associated with fractures in white boys appears to be participation in sports activities, 
while in white girls obesity appears to play a role. We were unable to find any factors that 
could explain fractures in black children. Unlike the findings of some other studies, fractures 
in these children were not associated with lower bone mass or reduced skeletal size.  
Maternal bone mass also appears to play a role in determining fracture incidence in children, 
as the mother’s bone mass has a significant inverse association with their off-springs’ fracture 
risk throughout childhood and adolescence. Furthermore, there is a strong familial component 
in fracture risk among South African adolescents and their siblings, as evidenced by the 
xi 
 
increased risk of fracture in siblings of index children who have fractured during childhood 
and adolescence.  
Differences in fracture rates and bone mass between families and individuals of different 
ethnic origins may be due to differing lifestyles and/or genetic backgrounds.  
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PREFACE 
 
South Africa is a country of diverse culture and ethnicity. It is a multifaceted nation 
with a variety of social and environmental influences. Certain areas are poverty stricken with 
many people remain unemployed whilst other areas are thriving and prosperous. All these 
factors play a fundamental role in the development and growth of South African children.  
 
Childhood illnesses, injuries and related problems such as fractures form part of the 
health burden that health workers and parents face. An understanding of the epidemiology and 
mechanisms related to fractures and bone mass differences in the various ethnic groups in 
urban South African children and their families may help to identify the risk factors and thus 
decrease the incidence of childhood fractures in South Africa and optimize their bone mass 
and bone health from an early age.   
 
After reviewing the literature, I noted that there were several gaps in the literature and 
that there were very few studies on ethnic differences in fracture rates and bone mass in 
children and to the best of my knowledge there is no literature on this field in South African 
children. 
 
This thesis is based on data obtained from a longitudinal cohort of children (the Birth 
to Twenty (Bt20) cohort), living in the Greater Johannesburg metropolitan area and who have 
been studied since their births in 1990. Data have been obtained from the whole cohort, from 
xxviii 
 
more detailed studies of a sub-cohort (the Bone Health sub-cohort) nested within the Bt20 
cohort, and from their parents and siblings.  
This thesis aims to answer the following questions in a series of published manuscripts 
which have been collated in the chapters on the results and discussions of the research: 
1. What are the rates and site-distribution of fractures, and the activity-related risk 
factors for fractures in urban South African children of different ethnic 
backgrounds? 
2. What are the associations between fracture prevalence, bone mass, body 
composition, and physical activity in urban South African children? 
3. What are the differences in bone mass and fracture patterns between families of 
different ethnic backgrounds in South Africa? 
4. What are the associations, if any, between bone mass and fracture history of 
mothers and those of their adolescent children? 
 
The thesis has been divided into 6 chapters. Chapter 1 describes the relevant background 
literature. Chapter 2 describes the aims, objectives, methods and statistical analyses performed 
in this study. Thereafter chapters 3, 4 and 5 are designed to answer the questions outlined 
above. Each of these chapters is based on an individual published manuscript (see appendices 
F-H) and includes the results, discussion and limitations of the findings. The three chapters 
cover the following areas:  
1. Chapter 3: Fracture patterns in urban South African children of different ethnic origins 
(answers question 1 above) 
xxix 
 
2. Chapter 4: Heterogeneity of fracture pathogenesis in urban South African children 
(answers question 2 above) 
3. Chapter 5: Fracture patterns and bone mass in South-African adolescent-mother pairs 
(answers question 3 and 4 above). 
Chapter 6 concludes the thesis by highlighting the salient findings of this study and 
recommending future studies in this field.  
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CHAPTER 1 
 
Literature review 
 
This chapter describes the epidemiology of fractures in childhood, how bone mass is 
measured and assessed in children, the risk factors for fractures and the association of bone 
mass and fractures in relation to these risk factors and finally, the ethnic differences in bone 
mass and fractures in children. The chapter concludes with a summary of the literature review 
and finally, a brief overview on the gaps in the literature.  
 
1.1 Epidemiology of fractures in childhood 
Fracture rates in childhood are as high as those in the elderly (Figure 1.1) (1).  
 
Figure 1.1 Age-specific incidences of limb fractures in males (filled circles) and females 
(open circles) from southern Sweden (Source: Heaney et al. Osteoporos. Int. 2000; 11:985).  
2 
 
Several epidemiological studies have suggested a site-and sex-specific distribution of 
lifetime fracture incidence with peaks at both puberty and old age(2-5). A population-based 
British cohort study showed that the peak annual incidence of fractures during childhood 
(boys, 3%; girls, 1.5%) was only surpassed at 85 years of age among women but never among 
men(6).  
In developed countries, injury is responsible for most childhood mortality and 
morbidity(7) and fractures are the most common injury of childhood requiring 
hospitalization(8) and thus represent a considerable public health burden.  
A study on childhood injury epidemiology by Landin defined different levels of trauma 
in Swedish children based on the analysis of 8682 fractures that were sustained between 1950 
and 1979(9). A classification method was derived based on descriptions of the events that 
surrounded these injuries in Landin’s study and key features included height of fall, type of 
activity engaged in and the use of equipment. These features were utilized to classify fractures 
as occurring after slight, moderate or severe injury and this classification is described in more 
detail below (9): 
Slight:  Injuries from standing on the same level or falling from a height less than 0.5 
metres above the ground. Sport injuries of low energy type included skating, skateboard, 
skiing, wrestling, judo, karate and playground scuffles. 
Moderate: Falling from a height of between 0.5-3 metres or trauma from falling from a 
bunk-bed, falling downstairs, from a bicycle, swing or slides. 
Severe: Falling from heights greater than 3 metres. All traffic accidents and being hit 
by a heavy moving object. 
Fractures in childhood are often thought to generally occur after high levels of trauma 
but research is indicating that fractures in childhood may be associated with underlying 
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skeletal fragility(10). Landin reported that during the 30 year observation period in Sweden, 
the annual incidence of fractures caused by slight trauma increased three times (p<0.001) and 
the more severe types of trauma increased only slightly but also significantly (p<0.001) (9). 
The Avon Longitudinal study of Parents and Children (ALSPAC) in the United Kingdom 
followed 6204 children (mean age of 9.8 years) for 2 years between 2001 and 2003 and 
concluded that fracture risk in childhood is related to underlying skeletal fragility, even at 
relatively high trauma levels, although greater skeletal fragility is seen in children who 
fracture because of slight trauma(11).   
Falls are a leading cause of childhood injury(8;12-14). Falls from chairs or beds or into 
furniture, on stairs, and from being dropped by another person were proportionally highest in 
the youngest age groups (<2 years of age) (8;14;15). Falls from playground equipment, during 
sports and from being pushed and shoved by another person were more common in the older 
age groups (5-12 years of age) (8;14;15). The most common injuries sustained from falls were 
fractures of the upper limb(8;15). Falls from playground equipment commonly results in 
fractures(16;17) and more than half of those fracturing sustain a fracture to the upper limb(17). 
One of the first epidemiological studies confirmed that grass is not a good protective surface 
beneath play equipment and a child is more likely to have a head injury or fracture when 
falling on grass compared with sand(17). Keays et al concluded that children who fell off a 
swing, a slide or jungle gym at home compared to those in public settings, had greater odds of 
suffering a fracture or severe injury that required follow-up or hospital admission(18).  
Participation in sports constitutes a significant portion of injury related emergency 
department visits among paediatric patients(19). Fractures of the upper limb were the more 
common sports related injuries in children and occurred mainly in boys during early to mid 
puberty(13;19;20), and of white race or ethnicity(19).  
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Over one-third of boys and girls sustain at least one fracture before 17 years of age but 
the type of fractures varies with age(2;6). All studies have found a high incidence of fracture 
during childhood and adolescence, with 27-40% of girls and 42-61.4% of boys sustaining at 
least one fracture during growth(2;6;9;21-23) (Table 1.1).  
 
Table 1.1 Fracture prevalence in children and adolescents in different countries 
*The year when the sample size was calculated 
 
Hedstrom et al(24) summarised the findings from their study in Table 1.2 and these 
authors also included the fracture incidences from other epidemiological studies across 
geographic regions together with the years of the studies and showed that the sites of fracture 
and mechanism of injuries were consistent between the different regions and over the years. 
 
Country  
 
Study period 
Percentage of children and adolescents fracturing 
Total N Males Females 
Sweden(9)   1950-1979 
41553 
(In 1979)* 
42% 27% 
United Kingdom(6)  1988-1999 136753 ± 33% ± 33% 
New Zealand(23)  1972-1990 
1037 
(In 1972)* 
43% 37% 
Poland(22)  2003 1246 36% 25% 
Scotland(2)  2000 108987 61% 39% 
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Table 1.2 Overview of epidemiological studies describing fractures in children and 
adolescents 
First author 
Age 
group 
Study 
period 
Location 
Annual 
incidence 
per 10
4
 
Most common 
fracture site 
Most common 
mechanism 
of injury 
Landin (9) 0-16 
1950-
1979 
Sweden 212 
Distal forearm 
23% 
Falls 
Cooper (6) 0-17 
1988-
1998 
Great 
Britain 
133 Forearm 30% Not available 
Kopjar (25) 0-12 
1992-
1995 
Norway 128 
Distal radius 
27% 
Falls 71% 
Tiderius (26) 0-16 
1993-
1994 
Sweden 193 
Distal forearm 
26% 
Falls on ground 
level 40% 
Lyons
a 
(27) 0-14 1996 Scandinavia 156-178 Forearm 20% Falls 
Lyons
b 
(21)
 
 0-14 
1996-
1996 
Wales 361 Forearm 36% Falls 
Brudvik (28) 0-15 
1998-
1998 
Norway 245 
Distal forearm 
27% 
Not available 
Rennie (2) 0-15 
2000-
2000 
Scotland 202 
Distal forearm 
33% 
Falls < 1m 37% 
Hedstrom(24) 0-19 
1993-
2007 
Sweden 201 
Distal forearm 
26% 
Falls < 0.5m 
24% 
 
The peak incidence of fractures in girls occurs between 11-12 years and in boys at 
approximately 14 years of age(6;9;23). This period corresponds to the age of peak height 
velocity (PHV) in both genders and precedes by nearly one year the time of peak bone mineral 
content (BMC) velocity(29). Faulkner and colleagues provide data which support the 
hypothesis that there is a period of relative bone weakness resulting from dissociation between 
bone accrual and bone expansion around the time of peak linear growth in both boys and girls 
when most fractures occur(30). Rizzoli et al reported that the peak age of fracture occurrence 
in boys and girls is close to the age at which dissociation between height gain and volumetric 
BMC is most pronounced(31). The findings are supported by Kindblom who found that age at 
PHV was a negative independent predictor of both cortical and trabecular volumetric bone 
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mineral density (BMD) and of total body and radius areal BMD; and age at PHV was 
associated with previous fractures in a logistic regression analysis(32). 
Not only do children frequently experience a single fracture in their lifetime but they 
also are at risk of multiple fractures. The percentage of boys experiencing multiple fractures is 
higher than in girls(22;23). A first fracture is associated with an increased risk of multiple 
fractures during growth(33). Moreover, children experiencing their first fracture before 4 years 
of age are at greater risk of further fractures occurring before 13 years of age(34). A number of 
reports have documented lower BMD or BMC at several sites of the skeleton among children 
with fractures compared to controls(35-37). The most common site of fracture in both sexes is 
the distal forearm(2;6;9;21;22). 
Fractures in childhood are not uncommon and are more common in boys than girls. A 
low bone mass together with other related factors such as the pubertal growth spurt and 
environmental and genetic factors are important predisposing factors that will be further 
discussed.  
 
1.2 Bone compartments and the various types of bone density 
In order to understand how bone mass is assessed and measured in children, it is important 
to know the basics of bone composition and mineral density. 
The composite tissue of bone is made up of an organic collagen matrix and an inorganic 
mineral hydroxyapatite. The arrangements of these composites determine two types of bone 
tissue; namely trabecular and cortical bone tissue. The trabecular bone tissue is found mainly 
in the vertebrae and ends of long bones while cortical bone is found in the shafts of long 
bones.  
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The mass, volume and type of bone tissue is important to determine when measuring bone 
density. The biological organization of bone consists of three levels: material bone density 
(BMDmaterial), compartment bone density (BMDcompartment) and total bone density (BMDtotal) 
(Figure 1.2)(38). These three levels must be considered when interpreting bone density. 
 
 
 
Figure 1.2 Definitions of the various types of mineral density. BMDmaterial (a and c) in 
trabecular and cortical bone. The mass of mineral (in grey) determining BMDmaterial and 
BMDcompartment is identical (mass 1=mass 2), but the volume (encircled by black lines) differs 
(volume 2>volume 1). Therefore, BMDmaterial is higher than BMDcompartment. (E) BMDtotal is 
defined as the mass of mineral divided by the volume enclosed by the periosteal envelope. 
This definition can be applied to the entire bone, part of the bone (e.g., the distal or proximal 
end), or a section through the bone, as shown. (Source: Rauch et al. JBMR 2001;16:597-604) 
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The endocortical surface of the bone separates its trabecular and cortical 
compartments. The trabecular compartment is found within the space of the endocortical 
surface and the cortical compartment is the space between the endocortical and periosteal 
surface (Figure 1.2). The cortical compartment has less non-bone tissue compared to the 
trabecular compartment. Both trabecular and cortical compartments together with their relative 
volumes are utilized to determine BMDtotal. As bone grows in childhood, the relative volumes 
of each compartment change; resulting in changes in BMDtotal. As an example, cortical bone in 
the femoral shaft at birth constitutes 92% of the total cross-sectional area while by 6 months of 
age it has changed to 30% (39). 
Techniques that measure bone mass in children may quantitate bone mass of the whole 
bone or of a bone compartment. Further they may measure cortical or trabecular bone mass or 
a combination of the two. The techniques used to measure bone mass in children in relation to 
risk factors for low bone mass and fracture risk will be discussed in further detail in the 
sections to follow. 
 
1.3 Bone mass in children 
Approximately 90% of adult bone mass is gained in the first two decades of life, and 
many experts believe that optimizing bone mineral accrual early in life may prevent childhood 
fractures, increase peak bone mass in early adulthood and possibly delay the development of 
osteoporosis later in life(40).  
Rapid bone growth occurs during childhood. During longitudinal growth, 
prechondrocytes in the growth plates at the proximal and distal ends of bones differentiate into 
columns of proliferative and then hypertrophic chondrocytes, and cartilage is eventually 
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replaced with bone in the adjacent metaphyses(40). In addition, an increase in bone size occurs 
through bone modeling and remodeling(40). Modeling during childhood allows individual 
bones to grow in width by the formation of new bone on the outer or periosteal surface, while 
resorption occurs on the inside, or endosteal surface, of the bone(40). The degree of modeling 
is determined in part by genetics, but also by the response to loading that occurs with strains 
on bone from physical activity and gains in body weight during growth(40). According to 
Wolff’s law, bones will ultimately achieve a shape and size that best fits their function(41). 
Remodeling occurs throughout life and although it does not change the shape of bone it is 
important for bone maintenance and repairing of bone damage and it prevents the 
accumulation of too much old bone that can become brittle(40). Resorption of the surface of 
trabecular bone is important for supplying needed calcium and phosphorus during periods of 
acute mineral need(40). 
The bone changes and different processes involved in bone growth will have different 
influences on the skeleton and may influence fracture risk during childhood. During rapid 
growth bone size increases and higher remodeling rates may lead to lower cortical volumetric 
BMD.  
The measurement of bone mass in children has a number of challenges, as bone mass is 
very dependent on bone size which changes rapidly during childhood and particularly during 
the pubertal growth spurt during adolescence. However the use of dual energy X-ray 
absorptiometry (DXA) and peripheral quantitative computed tomography (pQCT) has 
revolutionized the measurement of bone mass and structure in children. The challenges related 
to paediatric bone mass measurements will be discussed further, paying particular attention to 
the two main methods being utilized to assess bone parameters in children; namely dual 
energy X-ray absorptiometry (DXA) and peripheral quantitative computed tomography. 
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I. Dual energy X-ray Absorptiometry  
DXA has been used since the early 1990s in children after the development of paediatric 
software to measure bone density. It is the most widely available and commonly employed 
densitometry method for assessing bone health in adults and children(40;42). Bone mineral 
measurements by DXA rely on the attenuation (absorption) of energy that occurs as the x-ray 
beam scans across the region of interest(42;43).  Two energy settings are used to optimize the 
separation of mineralized and soft tissue components in the area analyzed(42).  The low-
energy photons are attenuated by the soft tissue surrounding the bone, whereas the high-
energy photons are attenuated by bone and soft tissue(42).  A detector located above the X-ray 
tube measures the exiting photons from the site scanned and a computer subtracts the low-
energy values from the high-energy measurements(42).  Pixel by pixel attenuation values are 
converted to areal bone mineral density (BMD) by comparison with a bone mineral 
phantom(42).  Bone area is calculated by summing the pixels within the bone edges, as 
defined by software algorithms(42).  BMC is calculated by multiplying mean areal BMD by 
the projected bone area(42).   
DXA measures bone in two- rather than three-dimensions therefore it is difficult to 
interpret BMD changes during childhood(40). A larger bone size may artificially inflate areal 
BMD measurements as shown in Figure 1.3 (44).  
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Figure 1.3 Areal BMD measurements are influenced by bone size, with larger bones of 
similar volumetric BMD having higher areal BMD values. (Source: Carter et al. JBMR. 
7(2):137-145). 
 
This is illustrated in studies that show that areal BMD increases with age, but volumetric 
BMD remains relatively constant(45;46). This has been confirmed in girls in whom computed 
tomography showed vBMD at the lumbar spine to be constant during childhood until the time 
of puberty when there is an increase between Tanner's stages two and three(47). This increase 
probably reflects an increase in trabecular bone volume rather than an actual increase in tissue 
volumetric BMD. The age-related increase in trabecular density is the result of increased 
thickness of existing trabeculae(48). Before puberty, there is no difference in trabecular 
density in boys and girls of either Caucasian or African American origin(47). At puberty, 
trabecular density increases, but within a race there is no sex difference in trabecular 
thickness(48). Mathematical methods have been proposed to adjust the two-dimensional “areal 
BMD” measured by DXA to more closely reflect volumetric BMD(49;50). These methods 
include the calculation of bone mineral apparent density for the spine and femoral neck, which 
divides BMC by the projected bone area to the power of 1.5 for spine(44) and 2.0 for the 
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femoral neck(51), or by applying formulae of the femoral neck measurements that assume a 
cylinder shape(52). Inclusion of bone and body size parameters in a regression approach (size-
adjusted bone mineral content), or expressing BMC-for-bone area or BMC-for-height also 
have been suggested for correcting for the influence of size on areal BMD measures(50). 
When utilizing bone mass measurements it is important to consider these bone size-related 
problems, and to understand the differences in the measurements of bone size, bone mass, and 
bone density measurements and apply the use of these measurements appropriately(40). 
Regional measurement at the spine is most often used to assess bone mass in children 
whereas total body scans are often used for body composition measurements including total 
body BMC(40;42). The head is a large contribution to total bone mass in the paediatric patient 
and whether or not BMC or BMD of the head should be included has been an issue in 
paediatric bone measurements(53). The official recommendation by the International Society 
for Clinical Densitometry (ISCD) is that the head should be excluded from the whole body 
measurements(54) .  
In the absence of data to define a fracture threshold in children, the ISCD Pediatric 
Position Development Conference advise the following(54).  Firstly, the diagnosis of 
osteoporosis in children and adolescents should not be made on the basis of densitometric 
criteria alone.  Rather, the diagnosis requires the presence of both a clinically significant 
fracture history, and low bone mass.   
A clinically significant fracture history is one or more of the following: a long bone 
fracture of the lower extremities; a vertebral compression fracture; and two or more long bone 
fractures of the upper extremities.  And, low bone mass is defined as a DXA BMC or areal 
BMD Z-score that is less than or equal to -2.0, adjusted for age, sex, and body size, as 
appropriate.   
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While these guidelines represent an important first step in the classification of bone health 
in children, the utility of this approach is not yet proven and the appropriate adjustments for 
body size have not been established(42).  
DXA measurements obtained on 1554 US children, age 6 to 16 years enrolled in the 
multicentre study “Bone Mineral Density in Childhood Study” (BMDCS) together with 
supplementary data obtained at other centers have been used to provide reference data for ages 
3 to 21 years on the Hologic, Inc. scanners(42;55). Reference data for whole body bone and 
body composition for children ages 8 through 20 years are also available for Hologic systems 
based on data collected in the National Health and Nutrition Examination Survey between 
1999 and 2004(42;56). Zemel et al. recently published sex- and race- reference curves for 
lateral distal femoral BMD based on Hologic Discovery/Delphi scans in 821 healthy children, 
ages 5 to 18 years(57). The new lateral distal femur Z-scores were strongly and significantly 
associated with weight, body mass index, and spine and whole body BMD Z-scores(42).  The 
authors concluded that the comparability of lateral density femur measurements to other BMD 
assessment sites supports this alternative site in children with disabilities, who cannot have the 
lumbar spine scanned because of difficulties in the positioning the child appropriately, and 
who are particularly prone to low trauma fractures of long bones, and for whom traditional 
DXA measurement sites are not feasible(42).  
Although DXA has been used mainly in research studies in infants, there is limited 
reference DXA data available. However, Kalkwarf et al recently reported lumbar spine data in 
307 healthy infants and toddlers (63 black), ages 1 to 36 months using software developed by 
Hologic, Inc. to analyze lumbar spine DXA scans in children less than 36 months of age(58). 
BMC and BMD increased with age, but BMD less so than BMC.  Similar ethnic increases 
were observed relative to weight and length with no sex differences in BMC or BMD when 
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statistically adjusting for age, length and weight. The study provided age-specific values for 
aBMD of healthy infants and toddlers that can be used to evaluate bone health and the authors 
concluded that future studies are needed to identify the age when sex and race differences in 
aBMD occur. Thus, there was no apparent need to develop race specific reference data for 
infants and toddlers, if the data obtained were adjusted for differences in body size(42). 
Given the ongoing research and studies performed on pediatric DXA measurements and 
accumulation of pediatric reference data, DXA users may need to contact their manufacturer 
to determine the reference data source installed on a given machine, and to identify additional 
relevant databases that maybe more pertinent to their study population(42). For example, 
longitudinal studies in different countries with varying ethnic groups and genetic backgrounds 
may publish data in the future based on reference values from within these populations.  
 In situations where chronic diseases cause children to become stunted or malnourished, it 
may be more appropriate to determine whether areal BMD or BMC results are appropriate for 
their body size by comparing the measurements with those of children of similar height or 
weight(40).  
Advantages and disadvantages of DXA 
The advantages of using DXA over other possible techniques include those of cost and 
ease of accessibility. It is child friendly due to the high-speed of the scan (less than 3 minutes 
of the lumbar spine) which varies depending on type of scan. It also has a low radiation 
exposure of less than 13µSv(40). It is very useful for longitudinal assessment of bone mass 
measurements due to its high reproducibility however care should be taken in interpreting 
longitudinal measures of BMC and areal BMD due to potential size and age effects on these 
measurements that needs adjusting.  
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The major disadvantages of using DXA include its inability to separate cortical from 
trabecular bone and to assess bone geometry, although it does measure projectional BA. In 
addition, the influence of bone size on areal BMD measurements could pose as a significant 
disadvantage as mentioned earlier. When performing DXA scans in infants and toddlers it may 
be difficult to prevent or minimize movement artifacts. Generally, infants need to be fed and 
wrapped to avoid these movement artifacts. 
 
II. Peripheral quantitative computed tomography (pQCT)  
pQCT is a type of computed tomography used to measure volumetric BMD in the 
peripheral skeleton(40). The first commercial pQCT scanners were available for use in 
Germany by the early 1990s(40). By the mid-to-late 1990s, the technology was being used to 
investigate geometric and biomechanical properties of bone(40;59;60). Also at that stage, 
pQCT had the ability to separate trabecular bone compartments from cortical bone 
compartments but was being assessed for accuracy and precision(61;62). From the late 1990s 
onwards, pQCT was used to correlate muscle and bone strength(63) as well as obtain 
measurements in children(49) and thereafter establish reference data (64). 
Dedicated pQCT scanners were developed to measure trabecular, cortical and total 
volumetric BMD, cortical dimensions, and fat and muscle cross-sectional area of the radius 
and tibia (Stratec Medizintechnik, Pforzheim, Germany) (42).  These scanners are smaller, 
portable, less expensive and result in substantially less radiation exposure than conventional 
QCT(42). A scout view is performed to localize the endplate and growth plate (if not yet 
fused) of the tibia or radius, a reference line is placed relative to the endplate or growth plate, 
and scan sites are selected as a percentage of bone length(42).  Individual 2 mm thick 
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tomographic slices are taken at these selected sites.  The metaphyseal regions are rich in 
trabecular bone and the shafts are essentially entirely cortical bone(42).  Figure1.4 shows 
slices at the 4% and 20% sites of the distal radius and the various bone measurements that can 
be obtained from cortical bone and trabecular bone(40). 
 
 
Figure 1.4 pQCT slices at the 4% and 20% distal radius and various bone measurements that 
can be obtained (Source: Binkley et al. Rev Endocr Metab Disord. 2008 Jun;9(2):95-106).  
 
The two types of bone tissue respond differently to stimuli such as pubertal changes, 
mechanical forces, and disease-related stresses, so the benefit of separating the two is 
extremely advantageous in bone research(40).  Since the majority of childhood fractures occur 
in the long bones, there is good rationale for obtaining measures of bone structure and 
volumetric BMD at these sites(42). Scanning time ranges from 2 to 3 minutes in smaller 
children to 4 to 5 minutes in adults(42).  
Total cross-sectional bone area, cortical bone area, periosteal and endosteal 
circumferences, and cortical thickness are measures of bone size and geometric properties of 
bone that are obtained using pQCT. Bone strength index and polar strength-strain index (pSSI) 
which are surrogate measures of bone strength, and cross-sectional moment of inertia (CSMI) 
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are all calculated from the geometric and the material measures obtained using pQCT 
techniques (Figure 1.5)(40).  
  
 
Figure 1.5 Definitions of geometric properties of bone. A schematic view of a cross-section of 
cortical bone is shown. r is the distance from the center of gravity to a voxel, r max is the 
distance from the center of gravity to the voxel of maximum distance, a is the area (mm
2
) of a 
voxel, CD is the measured volumetric cortical density, and ND is the maximum normal 
cortical density under physiologic conditions (1,200 mg/cm
3
). Determination of bone strength 
is based on the calculation of the cross-sectional moment of inertia (CSMI); in this case the 
center of gravity or polar moment of inertia is used. The section modulus, which is directly 
proportional to maximum stress in bone, is calculated by dividing the CSMI by the maximum 
voxel distance from the center of gravity. The polar strength-strain index (pSSI) takes into 
account the material properties by multiplying the section modulus by the quotient of CD and 
ND. (Source: Binkley et al. Rev Endocr Metab Disord. 2008 Jun;9(2):95-106) 
 
In healthy children investigations using pQCT have investigated the effects of activity, 
bone loading, diet, pubertal stage and hormonal status on bone (61-67). Reference ranges for 
pQCT variables from healthy children have been established for bone growth patterns that can 
be used as a comparison when studying the bone status of children in disease states (53, 59, 
60).  
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Advantages and disadvantages of pQCT 
pQCT is a superior tool over DXA in obtaining some bone measurements as it reports true 
volumetric BMD in grams/cm
3
 , differentiates cortical from trabecular bone tissue, measures 
bone size and estimates geometric properties of bone. There is minimal radiation exposure, 
estimated to be 0.22 µSv for a CT slice of the forearm and 0.8 µSv for a scout view scan of the 
forearm according to the manufacturer of the XCT 2000 (Orthometrix, Inc., White Plains, 
New York, USA) and ranges from 0.72 µSv in the distal tibia to 1.43 µSv in the distal femur 
(58). 
The disadvantages are that pQCT underestimates cortical volumetric BMD when the 
cortical shell thickness is small (<2mm)(65) and longitudinal measurements are difficult due 
to variations in longitudinal bone growth(40). Another disadvantage of pQCT is that it does 
not measure important fracture sites (spine and hip) directly. 
 
1.4 Factors associated with childhood fractures and the association of fractures with 
bone mass 
There is emerging evidence that fractures in childhood are related to underlying 
predisposing factors(10;11;37;66). An understanding of the many related risk factors for 
fractures is important for deciding rational strategies to optimize bone health during 
childhood. Factors considered to  influence childhood fracture risk include calcium and milk 
intake(67;68), consumption of carbonated beverages(37), exercise or sports participation(11), 
body composition (fat and lean mass)(69;70), times spent in front of the 
computer/television(71), smoking(66), BMC and/or BMD(10) and genetics(22). In addition, 
an understanding of the roles of these factors in fracture pathogenesis and their inter-relation 
with bone mass is very important in understanding the pathophysiology of fracture occurrence. 
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The following factors affecting fracture risk and bone mass (listed below) will be 
discussed in further detail: 
I. Low bone mass  
II. Heritability/genetics 
III. Maternal and early life influences 
IV. Nutrition 
V. Obesity 
VI. Puberty 
VII. Exercise 
VIII. Vitamin D status  and its  seasonal variation  
IX. Socioeconomic status 
 
1.4.1 Low bone mass  
A number of studies have found bone mass to be linked to fracture incidence (36;72) 
while Cook et al has not(73). Fractures in children are generally thought to reflect the fact that 
falls and other injuries are common during childhood(74) but there is evidence to suggest that 
fracture risk is inversely related to BMC and/or BMD and directly related to underlying 
skeletal fragility(10). Results of a meta-analysis on the association between low bone density 
and fractures in children(10) showed that the combined standardized mean difference 
(calculated by the difference in means divided by the pooled standard deviation of 
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participants’ outcomes across the whole trial) in mean bone mass between children with 
fractures and controls was -0.32 (95% confidence interval [CI]: -0.43 to -0.21; P <0.001) 
(Figure 1.6).  
 
Figure 1.6 Forest plot for fixed-effect meta-analysis of the association between BMD and 
fractures in children. (Source: Clark et al. Pediatrics 2006;117(2):e291-7) 
 
A number of researchers have found that children with wrist and forearm fractures have a 
bone mineral density up to 8% lower than children without such fractures(35;36;75). A 5% 
increase in total body BMD and BMD of the hip or lumbar spine could decrease the relative 
risk of fracture in childhood by about 17% and 9%, respectively(75). Those with recurrent 
fractures had similar bone size and mass in both the lumbar spine and total body to those who 
only fractured once(35;37). In a prospective cohort study of bone mass and fracture risk in 
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childhood, a strong inverse association was observed between fracture risk and size-adjusted 
total body less head BMC and estimated humeral vBMD (76).  
Peak bone mass is mostly determined by bone size rather than by vBMD, which varies 
little in normal adults or by variations in micro-architecture. All of these processes are 
controlled by complex and selective genetic, hormonal, nutritional and other environmental 
factors, which tightly interact (Figure 1.7)(31)   
 
 
 
 
 
 
 
Figure 1.7 Interaction of genetic and non-genetic factors on bone mass (Source: Rizzoli et al. 
J Mol.Endocrinol. 2001; 26(2):79-94) 
 
1.4.2 Heritability/Genetics 
Genetics and heritability plays a major role in bone health. Numerous candidate gene 
studies have identified several polymorphisms that are associated with BMD, bone loss in 
adults and osteoporosis(77). Various vitamin D receptor alleles have been shown to be 
associated with an increased risk of fracture in osteoporotic individuals(78). The COLIA1 
gene, encoding the αI chain of type I collagen is another important functional candidate for the 
pathogenesis of osteoporosis(79). The other important candidates genes are the oestrogen 
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receptor α (ESR1) that is important for the regulation of bone mass(80) and transforming 
growth factor β-1 that has been associated with BMD and/or osteoporotic fractures in various 
studies(81;82). Genetic studies in adults tend to be complicated by environmental covariates. 
Thus associations between genotypes and bone mass should be easier to detect during 
childhood, when genetic regulation of bone is at its peak and environmental influences have 
had limited time to exert their effects(83). May et al(84) have provided the first glimpse into 
the genetic factors regulating the elevated bone mass of prepubertal South African black 
children. Both the ESR1 and TNFRSF11B (osteoprotegerin) genes were candidate genes found 
to influence bone mass(84) and more so at the femoral neck site at which bone mass 
differences appear to be greatest between black and white South Africans(85;86).   
Heritability (87;88) and lifestyle factors (89) of both mother during pregnancy and 
child influence the accrual of peak bone mass and impact the risk of osteoporosis in later 
adulthood. Heritability has been estimated to contribute to more than 40% of the variance in 
adult BMD (1;90). Gains in bone mineral accretion during childhood via interventions such as 
increased physical activity and nutrient supplementation may only be transient, thus promoting 
the hypothesis that bone is ultimately governed by a homeostatic system which tends to return 
towards a yet-to-be defined set point(91). Whether this set point is genetically predetermined 
needs to be further investigated. The Birth to Twenty cohort has shown that heritability of BA 
and BMC, by maternal descent is approximately 30% in South African pre/early pubertal 
black and white children, despite ethnic differences in both body and bone size, as well as in 
lifestyles (92). This will be discussed in more detail later in the chapter.  
Evidence for the role that heritability plays in fracture prevalence is provided by a 
cross-sectional study on Polish adolescents, which revealed that 52% of adolescents with 
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multiple fractures reported at least one fracture in a first degree relative whereas 39% of those 
with a single fracture and 29% of those with no fractures reported fractures in a first degree 
relative(22). 
 Genetic and environmental factors and not bone mass on its’ own may be attributable 
to the increased incidence in fractures. The interplay between environmental and genetic 
factors is still not well understood. 
 
1.4.3 Maternal and early life influences  
It is beneficial to identify maternal and early life influences on later BMD, which may 
assist in the identification of interventions to optimise bone health and reduce fracture risk in 
childhood and thereafter. There is growing evidence that BMD and thus fracture or 
osteoporosis risk can be modulated during intrauterine and infant life(93).   
Barker’s hypothesis or fetal origins hypothesis was first developed in the 1980s from 
epidemiological studies of birth and death records that revealed a high geographic correlation 
between rates of infant mortality and certain classes of later adult deaths as well as an 
association between birth weight and rates of adult death from ischaemic heart disease(94). 
The Developmental Origins of Health and Disease (DOHaD) hypothesis thereafter evolved 
from Barker’s hypothesis suggesting that nutritional imbalance during critical windows in 
early life can permanently influence or “programme” long-term development and disease in 
later life(95). A large population-based mother-offspring cohort study recruited from the 
Southampton Women’s Survey demonstrated that the growth velocity in the late phase of 
pregnancy appears to predict bone mass at birth more strongly than does growth in the early 
phase(96). In contrast, bone mass at 4 years, appears to be predicted more strongly by growth 
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in early than in late pregnancy(96).  Ongoing research has shown that growth in infancy and 
possibly later in childhood is crucial and studies have linked placental weight, birth length and 
birth weight to later osteoporosis risk(97-99).  Higher weight at birth was associated with 
higher BMC of both the spine and hip in adult men and women at ages 18-80 years across a 
range of settings (Figure 1.8 and 1.9 ) and these associations were stronger in women at the 
lumbar spine site(98).  
 
 
Figure 1.8 Forest plot of studies assessing the association between birthweight (kg) and BMC 
of the lumbar spine in adulthood (Source: Baird J et al. Osteoporos Int (2011) 22:1323-1334) 
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Figure 1.9 Forest plot of studies assessing the association between birthweight (kg) and BMC 
of the hip in adulthood (Source: Baird J et al. Osteoporos Int (2011) 22:1323-1334) 
 
The pooled estimates suggested an increase in birthweight of 1 kg is associated with a lumbar 
spine BMC increase of 1.49 g (95% CI 0.77, 2.21) (Figure 1.8) and an increase in hip BMC of 
1.41g (95% CI 0.91, 1.91) (Figure 1.9).   
The reasons for the stronger association seen in women was postulated by the authors to be 
due to maternal constraints being greater in boys in utero because they grow more rapidly than 
girls and so are at greater risk of becoming undernourished if maternal diet is compromised 
(98;100).  
A more recent systematic review and meta-analysis on life-course evidence of birth 
weight effects on bone mass highlighted that higher birth weights result in a better bone health 
later in life and this effect was seen in both the BMC and BMD of children suggesting that 
there could be bone mass programming(101). Two British cohort studies showed that growth 
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in early life or higher birth weight together with gaining weight and height faster in the 
prepubertal and postpubertal period were associated with greater bone size and strength in 
later life (late middle age and postmenopausal period)(102;103).  
Despite studies showing that higher birth weights are associated with better bone 
health in later life, there is contradictory evidence on maternal and early life factors and 
fracture risk in later life. Children who were born with above average length(37;104) and who 
were heavy and tall throughout growth, had an increased risk of fracturing during childhood 
and adolescence(37). Increasing maternal age has been associated with increased fracture risk 
whilst pre-pregnancy BMI(104) and breastfeeding were not(37). Cohort studies have yielded 
conflicting results regarding the association between vitamin D status in pregnancy and its 
influences on offspring bone mass. Recently, in the large prospective ALSPAC study there 
was no strong evidence that maternal 25(OH)D concentrations during pregnancy are related to 
childhood BMC(105) but the Western Australian Pregnancy cohort (Raine) study examined 
their off-spring at skeletal maturity and found that mothers that were vitamin D deficient had 
offspring with lower peak bone mass(106). However, none of these studies have investigated 
the influence of maternal diet and vitamin D status during pregnancy on subsequent off-spring 
fracture risk. There is contradictory evidence regarding maternal smoking and childhood 
fracture risk(37;104) but daily cigarette smoking in adolescents was associated with a 43% 
increase fracture risk(37). 
A single study reported that tall maternal height, low rate of childhood growth and babies born 
short were determinants of later hip fracture risk(107). Variables that were positively 
associated with neonatal bone mass included birthweight and maternal triceps skinfold 
thickness at 28 weeks, whilst maternal smoking and energy intake at 18 weeks’ gestation were 
negatively associated with neonatal BMC at the spine and whole body(108).  
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  In accordance with the hypothesis of developmental origins of diseases and the 
evidence outlined above from the literature, bone mass and fractures in childhood and 
adolescence seem to be partially programmed in early life but careful consideration should be 
taken when interpreting bone mass measurements in childhood. Many of the differences in 
bone mass are related to differences in growth and bone measurements must be adjusted for 
body size. This also may partially explain why there is contradictory evidence in the literature 
on early life influences, such as weight and height, affecting bone mass and fracture risk in 
later life. 
  
1.4.4 Nutrition 
An adequate nutritional intake is a very important determinant for bone health for all 
ages(109). Nutrients involved in the production of bone matrix include proteins, vitamins C, D 
and K and minerals zinc, copper and manganese. Cellular activities and mineral deposition of 
bone are dependent on phosphorus. The skeleton serves as a very large nutrient reserve for 
calcium and phosphorus, and the size of that reserve is dependent in part on the daily balance 
between absorbed intake and excretory losses of these two minerals(1). Adequate quantities of 
phosphorus (in the form of phosphate) must be present in the diet to mineralise and to 
maintain the skeleton. Inadequate phosphorus intake is an uncommon cause for poor 
acquisition of peak bone mass in healthy children. 
 Calcium is a threshold nutrient and is stored as bone tissue, the mass of which is 
regulated by mechanical loading and limited but not controlled by diet. The body cannot store 
a dietary surplus of calcium. Bone accumulation at calcium intakes above the threshold is 
maximal and further increases in calcium intake produce no increase in calcium retention; and 
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below the threshold, retained calcium is not sufficient to allow children and adolescents to 
reach their genetically predetermined peak bone mass. Hence bone mass varies with calcium 
intake(1). Low calcium intakes are often not thought to have immediate consequences but 
have in some studies been shown to be associated with increased fracture risk even in the 
young(36).  In other studies no association between dietary intake of calcium and risk of 
fractures has been found(71;110).  
Retrospective studies generally show that low consumption of milk during childhood 
and adolescence is associated with higher risk of fracture later in life(67). Children with 
recurrent fractures were noted to have a low milk intake and higher consumption of 
carbonated drinks(37). Low milk intake and the caffeine and sodium content of some 
carbonated drinks could increase bone remodeling secondary to inadequate intake and 
increased losses of calcium(37). Low intake of milk might also result in reduced bone 
formation due to lack of anabolic factors such as insulin-like growth factor-1(IGF-1) (37). 
Milk avoiders were shown to have smaller skeletons, significantly lower bone area and bone 
mineral content, and lower vBMD values than did the fracture-free control children of the 
same sex and age drawn from the same community(68).  
Furthermore, maternal smoking during pregnancy and not being breastfed were the 
factors that in combination with low milk intake and increased intake of carbonated drinks 
were found to be predictive of sustaining recurrent fractures during childhood(37). Smoking 
by adolescents raised their risk of fracturing substantially and is postulated to be due to an 
associated reduction in bone density(66).  
Protein supply from foods is required to optimise bone formation and amino acids are 
required for the synthesis of intracellular and extracellular bone proteins and nitrogen 
containing compounds(111). Protein intake has been shown to influence calcium-phosphate 
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economy and bone metabolism(111). Dietary proteins stimulate the formation of IGF-1 from 
hepatic cells, which are the main source of circulating growth factor(111). By stimulating 
IGF-I, food proteins can also exert a favourable impact on bone mineral economy by a dual 
renal action by enhancing intestinal calcium absorption and an associated increased calciuria 
(111). However, the increased urinary calcium excretion which can be associated with a high 
protein diet does not necessarily result in negative skeletal calcium balance that would reflect 
bone loss(112).  Another effect of dietary proteins on mineral metabolism could include an 
inhibitory activity of L–amino acids on calcium sensing receptors, leading to a decrease in 
PTH secretion(113). Amino acid-sensing receptors have a positive effect on arginine(114) 
which in turn has a stimulatory effect on the production of both IGF-I and collagen 
synthesis(115) and impacts positively on bone acquisition.  
Malnutrition, with consequent inadequate supplies of energy and protein during 
growth, can severely impair bone development(116). An inadequate protein supply appears to 
play a central role in the pathogenesis of the delayed skeletal growth and reduced bone mass 
that is observed in undernourished children(111). During childhood and adolescence, a 
relative deficiency in IGF-I or a resistance to its action due to an inadequate supply in 
protein(117) may result in a reduction in skeletal longitudinal growth, and impaired width or 
cross-sectional bone development(111).  
Overall good nutrition and healthy dietary patterns are likely to be as important as or 
more important to bone health and growing bones than adequacy of individual nutrients alone. 
Constituents of the whole diet enhance or inhibit nutrient absorption, influence their excretion, 
or influence bone turnover. The whole diet also determines the acid-base balance which is 
thought to influence excretion of calcium and other minerals. Diets rich in dairy products, 
protein and fruits and vegetables and low in salt are considered bone healthy diets(118). It is 
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important to maintain a bone healthy diet to maximize peak bone mass and to reduce the risk 
of fractures in both childhood and adulthood. 
 
1.4.5 Obesity 
Obesity in children is associated with unhealthy nutrition, inactivity and low physical 
fitness, that may contribute to increased risk of fractures(71). Complications of fractures are 
amplified in terms of increased surgical times, increased risk of wound infections, and 
increased time to ambulation in obese subjects(119).  
The marked increase in the prevalence of paediatric obesity combined with recent 
evidence suggesting that excessive fat accumulation may be associated with increased 
fractures in childhood indicates a need to understand the interplay between body composition 
components such as fat and lean mass and bone mineral content(120). A comparison of studies 
on obesity in children versus injury risk is shown below in Table 1.3. The data which were 
provided by Kessler et al(121) highlights that increased musculoskeletal risks of being 
overweight and not just being obese, beginning in childhood, which increase the risk of 
childhood lower extremity fractures. 
Table 1.3 Comparison of studies on obesity versus injury risk in children 
Study Study type Methods Number 
of 
subjects 
Main findings 
Pomerantz et 
al., 2010(122) 
Retrospective Chart review at one 
hospital of patients 3-14 
years with traumatic 
injury seen in the 
emergency department 
23349 Obese children 
significantly more 
likely to have lower 
extremity than upper 
extremity injury than 
nonobese 
Rana et al., 
2009(119) 
Retrospective Single hospital chart 
review of all admitted 
paediatric trauma patients 
1314 Obese children had a 
higher incidence of 
extremity fractures 
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Taylor et al., 
2006(123) 
Prospective Chart review and 
questionnaire of patients 
enrolled in clinical 
studies at the NIH 
355 Overweight children 
reported more 
fractures and impaired 
mobility 
Zonfrillo et 
al., 2008(124) 
Prospective 
case-control 
study 
Case-control study of 
children with acute ankle 
trauma in single 
paediatric emergency 
department 
180 
cases 
plus 180 
control 
subjects 
Multivariate logistic 
regression showed 
significant association 
between ankle injury 
and overweight 
Kessler et al., 
2013 (121) 
Retrospective, 
cross-sectional 
Population-based, cross-
sectional study of 
children 2-19 years 
913178 Multivariate logistic 
regression analysis 
showed overweight, 
obese, and extremely 
obese children have a 
progressively 
increasing risk for 
lower extremity 
fracture as weight 
increases 
 
There are conflicting results from studies investigating the influence of body fat on 
bone mineral content among various populations. Vincente-Rodriguez found that weight 
mediated by lean mass has a beneficial effect on BMC (69), while Hrafnkelsson et al found 
that fat mass has more effect on increasing total BA than lean body mass and that  lean body 
mass has more effect than fat mass on increasing both BMC and BMD in children between 7-9 
years of age(125). Goulding et al reported a detrimental effect of weight on BMC, which is 
possibly mediated by fat infiltration within bone compartments(70).   
Reduced bone mass is a predictor of fracture in children(10) but contradictory results 
are being reported on skeletal mass in overweight or obese children, who as a group are at 
increased risk of fracturing. Some studies indicate that overweight children have higher bone 
mineral content whereas other studies conclude that obesity is associated with a lower bone 
mineral content. Since most studies have found a normal or increased bone mineral content in 
obese children(126;127), the main conclusion is that obese children have decreased bone mass 
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relative to their bone size and body weight(10;128). It is believed that the increased bone 
mineral density in obese adolescents may not be sufficient to overcome significantly greater 
forces that are generated when an overweight child falls(128;129). Davidson et al reported that 
obese and non-obese children had a similar risk of forearm fracture during the first peak 
maximal force, when the hand makes first contact with the ground, at all tested fall heights and 
surface stiffnesses (129). The first peak force is not likely therefore to be the main contributor 
to the differences in fracture risk that are observed clinically between obese and non-obese 
children. Obese children were shown to be at much greater risk of fracture during the second 
peak force, when the body weight is transmitted through the arm thus the second peak force is 
likely to be the main contributor to the observed difference in fracture risk between obese and 
non-obese children(129).  
Obesity and high body weight have been identified as risk factors for fractures and 
recurrent fractures(37;66;72). Many studies have shown a greater prevalence of overweight 
and obese subjects among girls with upper limb fractures and in particular with forearm or 
wrist fractures(36;71). Goulding et al(72) performed a four year follow-up study of fractured 
and fracture-free girls and demonstrated that previous fractures, age, total body BMD and 
weight were significant factors predicting the risk of a new fracture. The same group(35) also 
showed that high BMI tripled the fractured risk (O.R. 3.47, 95% CI 1.69-7.09) in boys who 
sustained forearm fractures. Valerio et al(71) found a greater prevalence of overweight or 
obesity in both girls and boys sustaining lower limb fracture. The association between BMI 
and increased odds of fractures in children is shown in Table 1.4. 
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Table 1.4 Odds ratios of fractures in obese, overweight and increasing weight/BMI children. 
Obese 
Study Fractures Odds ratio 95% Confidence interval 
Kessler et al(121) Foot 1.23 1.12-1.35 
Kessler et al(121) Ankle, knee and leg 1.28 1.15-1.42 
Overweight 
Kessler et al(121) Foot 1.14 1.04-1.24 
Kessler et al(121) Ankle, knee and leg 1.27 1.16-1.39 
Taylor et al(123) All fractures 4.54 1.6-13.2 
Zonfrillo et al(124) Ankle 3.26 1.86-5.72 
Increasing weight or BMI  
Goulding et al(72) All fractures (girls) 1.49 1.06-2.08 
Goulding et al(72) Distal radius/ulna (girls) 1.72 1.11-2.68 
Goulding et al(35)  Distal forearm (boys) 3.47 1.69-7.09 
Jones et al(66) All fractures except 
wrist 
1.20 1.05-1.36 
 
Obesity/overweight impacts negatively on bone mass by reducing physical activity 
which  limits the anabolic stimuli to bone and results in a mechanical disadvantage during a 
fall as balance and co-ordination are not as well developed in less active individuals(37;130). 
Poor balance, unstable postural sway, altered kinetic characteristics of locomotion in 
overweight children is additional risk factors for fractures(130;131). Lower fall heights and 
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softer impact surfaces were found not to reduce the relative risk of fracture between obese and 
non-obese children(129). 
Lifestyle behaviours have also been associated with fracture risk in children(37;132-
134). Screen time with TV viewing as the most relevant proxy for sedentary lifestyle, has 
consistently been found associated with childhood obesity(135). Valerio et al(71) found that 
TV viewing of greater than two hours per day was more prevalent in overweight or obese 
children with fractures compared to overweight or obese children without fractures. Higher 
inactivity seems to characterise overweight children reporting fractures(71). 
Environmental modifications such as safer playground surfaces and equipment are 
unlikely to decrease the risk of arm fracture in obese children to the same levels experienced 
by non-obese children. The best option available for obese children to decrease their fracture 
risk is to adapt a healthier lifestyle by exercising and eating healthy to attain a healthy body 
weight. 
 
1.4.6 Puberty 
The pubertal growth spurt can be defined as a 2 to 3 year period of rapid increase in 
height and weight that is related to the change in activity of the hypothalamus with a gradual 
increase in the secretion of pulses of gonadotrophin-releasing hormone(69). An increase in 
gonadotrophin secretion stimulates gonadal growth and pulsatile secretion of luteinizing 
hormone, and secondary sexual characteristics appear as the concentration of sex steroids rise 
(136). 
Boys have a longer prepubertal period of growth(137), as their pubertal growth spurt 
occurs 1 to 2 years later than in girls(45), contributing to the characteristic sex differences in 
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skeleton proportions of longer lower extremities in adolescent and adult males than females 
(137). Bone mineral content increases linearly, with no sex differences until the onset of the 
pubertal growth spurt (138), when BMC accretion rates diverge. Besides the longer and more 
marked period of increased growth velocity in boys, BMC in boys continues to increase 
through late adolescence(138), while in girls, BMC barely increases after the onset of 
puberty(138). Specifically, sex differences in bone size and strength are established in puberty 
as a result of the minimal endocortical contraction during puberty in males compared with 
females and the higher endocortical contraction and inhibition of periosteal apposition in 
females after the pubertal growth spurt(45). As a result, while volumetric bone density 
remains constant during growth and similar in both sexes (139;140), BMC is around 20% 
higher in males compared with females at the age of 16 to 17 years, simply because their 
bones are bigger(141). Thus, sex differences in bone strength are the result of the differences 
in shape and geometry(141). 
Puberty is not only a period of rapid longitudinal growth and accrual of bone mass, but 
also the period associated with the highest incidence of fractures during childhood and 
adolescence(142). The physiological mechanisms for this high rate of fracture during growth 
is not clear; however, there has been speculation that one of the factors may be the result of a 
dissociation of bone expansion and bone mineralization during peak growth in 
adolescence(30;143).  
Faulkner et al found a decrease in bone mass relative to bone size before the age at 
PHV (11.9 years in girls and 13.6 years in boys) followed by a rebound after the age of PHV 
(Figure 1.10 ) (30).  
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Figure 1.10 Size-corrected BMD (BMDsc) for males and females by biological age. 
Units for BMDsc are g/cm 
3.11
 for boys and g/cm 
2.94
 for girls (n = 32 for boys and 27 for 
girls). 
a 
Significant difference in BMDsc from peak height velocity (PHV) to -2 to -1 years 
before PHV; 
b
 significant difference in BMDsc from PHV to -1 years before PHV, 
c
 
significant difference in BMDsc from PHV to +3 and +4 years from PHV; 
ns
no difference 
between +4 years from PHV and young adult value. All values are significant at p <0.05. 
(Source: Faulkner et al. JBMR 2006; 21(12):1864-1879) 
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The age of peak BA velocity significantly preceded the age of peak BMC velocity in 
both boys and girls (p <0.05). In boys, peak BA occurred at 13.69 ± 0.96 years and peak BMC 
occurred at 14.14 ± 1.05 years; in girls, peak BA occurred at 12.19 ± 0.89 years and peak 
BMC occurred at 12.67 ± 0.99 years (Figure 1.11 ) (30).  
 
 
Figure 1.11 Comparison of ages of peak BMC velocity and peak BA velocity for (A) 
boys and (B) girls. (Source: Faulkner et al. JBMR 2006; 21(12):1864-1879) 
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In postmenopausal women, a later age at menarche (after 15 years of age) is associated 
with lower aBMD at several skeletal sites, including forearm, spine, and proximal femur(144-
149) and is also associated with increased risk of forearm, vertebral, and hip fractures in the 
postmenopausal period(150-153). Menarcheal age together with differences in the duration 
and/or intensity of oestrogen exposure during growth are commonly accepted to play a 
significant role in the attainment of peak bone mass and structure(154-156). However, this 
somewhat intuitive explanation, the peak bone mass being related to the timing of menarche 
and duration of oestrogen exposure has recently been challenged by considering that both 
pubertal timing and peak bone mass are traits under the strong influence of heritable 
factors(157). Chevalley et al, hypothesized that both menarcheal age and bone mineral mass 
acquisition may be predetermined, and that the low bone mass apparently associated with later 
menarcheal age could already be detectable before the onset of pubertal maturation(158). To 
test this hypothesis, these authors followed up healthy subjects in Geneva from a mean age of 
7.9 to 20.4 years and found that the difference in peak bone mass in girls with earlier than later 
menarche is generated before and not during pubertal maturation. In the Gothenburg 
Osteoporosis and Obesity Determinants (GOOD) study on young adult Swedish males 
between 18 to 20 years of age, the age at peak height velocity was a clear predictor of previous 
upper limb fractures(32). After adjustment for radius aBMD, age at peak height velocity no 
longer predicted previous fractures, indicating that reduced BMD in boys with late puberty 
might be of importance for the mechanical strength of the skeleton already present before peak 
bone mass is achieved (32). 
The peak incidence of fractures occurs in girls between 11-12 years and in boys 
between 13-14 years of age(6;9;23). This period corresponds to the age of peak height velocity 
(PHV) in both genders and precedes by nearly one year the time of peak bone mineral 
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accrual(29). Other authors have found that growth in size precedes increases in bone 
mass(159), and peak velocity in BMC occurs six months later than PHV(160) and peak 
calcium accrual(161). Bone turnover and remodeling are dramatically increased during 
growth, and markers of bone turnover peak in boys around aged 14 years and in girls around 
aged 12(162); during this time of high turnover there is relatively more undermineralized bone 
than at times of low turnover(38). It has also been speculated that a temporary increase in 
cortical porosity may occur through remodeling to provide calcium required for the rapidly 
growing metaphyses of the long bones during the adolescent growth spurt(163). It has been 
reported that the timing of peak total body BMC and menarche is coincident(164), and that 
there are site-specific differences in the tempo and pattern of skeletal development during the 
growing years(159).  
Sabatier et al(165) reported a gain of 30% in spine BMD in girls between Tanner I and 
menarche and a more important increase of 23.6% in spine BMC between ages 12 and 13. 
Arabi et al(166) found the difference in lumbar spine BMD to be 43% between pre- and post-
pubertal boys and 66% between pre- and post-pubertal girls and in both genders, BMC 
increased significantly with increments in pubertal stages at the total body less head site . This 
difference was lower at the cortical sites, indicating that the effect of sex steroids may be more 
pronounced on trabecular bone (166). Thus, the growth patterns at sites that have relatively 
more cortical bone (tibial shaft) may be different than at sites with relatively greater trabecular 
bone (distal radius or lumbar spine) which may in part reflect the different fracture incidence 
between cortical and trabecular sites(30). In the study by Cooper et al.(6), the fracture 
incidence of girls at the distal radius was about five times greater than at the tibial and fibular 
sites. In a cohort of 125 girls followed over a period of 8.5 years, prepubertal BMC at the 
radial diaphysis was an independent predictor of the relative risk of incidental fractures(167). 
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There were also deficits in bone mass gain at the spine and trochanter in those girls that 
fractured from the same cohort, supporting the hypothesis that a delay in bone widening 
during rapid longitudinal growth may be a major mechanism of childhood fracture(167). The 
girls with fractures also had lower bone mass at the radius, trochanter, and spine when 
reaching pubertal maturity indicating that the increased fracture risk was predetermined very 
early in life and remained unabated until the end of the skeletal development period(167).  
Although studies have linked pubertal timing with peak bone mass; other studies have 
suggested that peak bone mass and fracture risk may be predetermined under the influence of 
genetic factors.  
 
1.4.7  Exercise 
The structural functions of bone are determined primarily by adaptation mechanisms to 
its loading environment and genetic factors(168;168). During exercise there is a combination 
of different loading forces (such as axial compression, bending, shearing and twisting) applied 
on bone, resulting in different effects on the structure of bone(168). Loading increases 
periosteal deposition and slows endosteal resorption or causes endosteal deposition depending 
upon the skeletal location(168). Mechanical properties are improved in response to loading, 
mostly through increases in periosteal deposition and particularly in children and 
adolescents(169;170).   
Exercise influences the skeleton by three main mechanisms:  a direct impact on bone 
that is translated into biological signals by mechanoreceptors; and indirect impact by 
improving muscle mass and strength that secondarily stimulates these mechanoreceptors; and 
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an indirect impact by inducing changes in hormone levels such as calciotrophic hormones, 
leptin and local factors (Figure 1.12) (168). 
 
Figure 1.12 Schematic description of the effect of mechanical stimuli of the skeleton through 
structural adaptation of bone in the maintenance of physiological homoeostasis by employing 
the mineral reservoir embedded in the bone structure. During exercise load is transmitted to 
the skeleton through direct stimulation of bone mechanosensor and by indirect stimulation 
through dynamic muscle activity. Hormones from fat and liver modulate loading by affecting 
bone and muscle growth as well as muscle performances, and act indirectly through potential 
changes in the mineral reservoir. Recent data also underscore a paracrine role of muscle 
factors on bone adaptation in response to loading as well as the importance of neurons’ 
capacity to change their function, chemical profile, or structure in response to mechanical 
stimuli, improving skeletal modeling/remodeling responses. (Source: Sievanen H. J 
Musculoskelet Neuronal Interact. 2005 Jul-Sep;5(3):255-61) 
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The mechanoreceptor, muscle and hormonal inter-relationship between bone and 
exercise is summarized and described below: 
 
I. Mechanoreceptor-Bone-Exercise relationship: 
Bonnet and Ferrari(168) have described the effects of direct mechanical stimuli on 
bone that have resulted from three main observations:  
Firstly, bone adaptive responses require dynamic rather than static mechanical stimuli. 
Although bone formation increases with the degree of bone deformation after a certain 
threshold level has been reached for deformation, the bone formation response plateaus. 
Secondly, extending the duration of skeletal loading does not yield proportional increases in 
bone mass as it does with the frequency of exercise. As loading duration is increased, the bone 
formation response tends to fade as the osteocytes and/or osteoblasts sensing the signals 
become desensitized. As a corollary, adaptive bone responses are improved with brief, 
intermittent exercise.  
Thirdly, the orientation and magnitude of stress on the skeleton during exercise must differ 
from the usual pattern of bone loading in order to produce a maximal stimulus on bone 
formation.  
Osteocytes seem to be the most appropriate cells to sense the magnitude and direction 
of mechanical strain. They are thought not to respond directly to mechanical strains but rather 
to extracellular fluid waves in the osteocystic lucanae and canalicular system generated by the 
loading stimuli(171). Mechanoreceptors present on osteocyte dendrites in turn generate small 
changes in electrical charges, activate calcium channels, and/or stimulate the release of 
molecular mediators such as prostaglandin through the activation of cyclooxygenase-2 (COX-
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2) and nitric oxide(172). The actions of these mechanoreceptors and molecular mediators 
further communicate the mechanical signal to osteoblasts at the periosteum, and to osteoblasts 
and osteoclasts intracortically that act at endocortical surfaces(172). Another possibility is that 
osteocytes, mesenchymal stem cells and/or osteoblast lining cells sense strain at their plasma 
membranes through stretch-activated ion channels that permit calcium flux, potentially 
initiating other intracellular responses (173). 
These biochemical signals have three primary functions: activation of transcriptional 
mechanisms regulating bone modeling/remodeling, and propagation of mechanical 
information to other osteocytes through paracrine effects and transmission of other chemical 
signals by gap junctions(174;175). There are many mechanotransduction mechanisms 
activated in response to exercise and the convergence of these pathways results in the 
activation of select transcription factors such as β-catenin implicated in the Wingless-related 
integration site/Low-density lipoprotein receptor-related protein (Wnt/LRP) pathway, the most 
important pathway both in osteoblasts and osteocytes playing a major role in mediating 
mechanical loading(168). 
 
II. Muscle-Bone-Exercise relationship: 
The strong association between muscle mass/strength and bone anabolism and 
catabolism during growth, development and even during ageing highlights the important 
interaction of these two systems to optimise mobility and functioning(176). Lean mass is 
equivalent to muscle mass in the extremities (177) and a surrogate measure of muscle force 
(178). Despite lean mass development being a good predictor for BMC and areal density 
accrual during growth in children, it has been suggested that loading-related factors such as 
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increased physical activity and sport could have a greater influence on bone development than 
just the enhancement of muscle mass. The muscle-bone relationship during growth could 
presumably be explained by the mechanostat theory (178;179), as bigger muscles exert higher 
tensile forces on the bones to which they attach(69). Muscle contraction can activate bone 
mechanoreceptors (figure 1.10) particularly in the periosteum where tendons are 
attached(168). In fact, 70% of the tension exerted on bone depends on muscle contraction, 
which is therefore more important than body weight itself as a mechanical stimulus (180)  . 
There is a 22-42% increase in areal BMD per unit of lean mass in physically active boys 
compared to age, height and body mass-matched sedentary controls(181;182). The lean 
(muscle)-bone association may arise because mechanical loading is exerted by exercise in 
active boys to increase both muscle and bone development(69). Therefore, exercise could 
drive the direct osteogenic effect and following the mechanostat theory, an indirect osteogenic 
effect by increasing muscle size and strength and hence tensions generated on bones(69).  
 
III. Hormonal-Bone-Exercise relationship: 
An acute bout of exercise can increase concentrations of anabolic hormones, such as 
growth hormone (GH) or IGF-1, and follicle stimulating hormone/ luteinising hormone 
/oestrogen, across a wide age range(183). Exercise modifies the flow of GH secreted by the 
pituitary gland and thus the liver production of IGF-1. The stressing effects of exercise on 
serum glucose levels (hypoglycaemia) cause a rise in the amplitude and frequency of GH/IGF-
1 production (184;185). The activation of mechanoreceptors during exercise causes IGF-1 to 
be secreted by bone and muscle cells (186) and furthermore IGF-I expression is increased in 
osteocytes and bone-lining cells within six hours of mechanical loading(187). Conversely, the 
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low bone formation associated with immobilisation is due in part to resistance to the effects of 
IGF-1 on bone formation(188). Maximal exercise independently increases parathyroid 
hormone (PTH) levels of sex, age and training status(189-191) and is also thought to regulate 
adipokines ( such as leptin), and enterokines (such as ghrelin) (192;193). It was reported 
recently that variations in the circulating level of calciotropic hormones (PTH, vitamin D 
metabolites, and calcitonin) related to physical activity may modulate the bone tissue response 
to exercise (194) and that intermittent release of PTH during exercise is a systemic mediator of 
the anabolic actions on bone tissue(195). Evidence has shown that the administration of PTH 
before mechanical stimulation significantly increases the osteogenic response (196-198). This 
could be mediated by a PTH-stimulated production of prostaglandin-E2 (PGE2) (199), and an 
increase in the activation of intracellular calcium, an important second messenger in the 
mechanicotransduction cascade (196). 
 
Exercise can effectively improve bone mass, structure and strength, provided it is 
administered early in life, and with sufficient loading intensity and frequency(168;200;201). 
Tensile, compressive, shear, bending, and torsion stresses applied during exercise and sport, 
have an osteogenic potential by eliciting mechanostat-related mechanisms during growth. 
 
Physical Activity Guidelines for children and adolescents recommend that young 
people should accumulate at least 60 minutes (up to several hours) of moderate-to-vigorous 
physical activity (MVPA) per day and at least 3 days per week this should include activities to 
improve bone health and muscle strength(202). A positive association was shown between 
total hip BMC and the time spent (minutes/day) in vigorous and total physical activity in 
Swiss boys aged 6-13 years(203)  whilst another study of boys and girls aged 11 years in the 
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United Kingdom showed a positive association between lower limb BMD and the time spent 
(minutes/day) in MVPA(201).  A more recent study in Portugal found a region specific bone 
response to vigorous physical activity in pre-and early pubertal girls and boys with the more 
active girls having greater BMD in the trochanter and inter-trochanteric region and more 
active boys having greater BMD in all sub-regions of the proximal femur(204). 
Studies have shown that the most effective period during which to observe a larger 
increase of bone mineral mass with exercise is during adolescence, especially during the 
prepubertal years (205;206). A controlled 9-month high-impact exercise training trial found 
that in premenarcheal girls high-impact exercise had a clearly positive effect on the BMC of 
the lumbar spine and femoral neck whereas no training effect was seen in postmenarcheal girls 
however this study did not answer whether this bone benefit is retained once the training 
stimulus ceases (207). Sports participation during growth increases the peak bone mineral 
density in weight loaded bones of the active subjects by 10-20% compared with non-
physically active counterparts (208). Sport participation acts synergistically with the growth-
related bone mass accumulation during the pubertal period leading to higher bone mass during 
this period (209;210). Physical activity should include activities that generate high ground-
reaction forces, such as jumping, skipping and running and should last at least 7 to 20 months, 
to increase bone mass by about 2% in weight-bearing sites such as the femoral neck and spine 
(23). Soccer is an intense, weight-bearing intermittent sport and the forces generated while 
rapidly changing direction, stopping and landing, as well as during jumping and kicking may 
confer excellent osteogenic properties to soccer, especially in weight-bearing sites(211). Male 
soccer players showed 10-20% higher BMD than controls in the lower limb(212;213). Soccer 
participation was positively associated with improved physical fitness and increased BMD in 
the lower limb, lumbar spine and whole-body, as well as with higher leg muscle strength, 
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indicating that the muscle-skeletal structures respond positively to the weight-bearing and 
impact-loading imposed by soccer practice(214). However, girls practicing gymnastics exhibit 
higher BMD and bone diameter at the midshaft tibia and femur compared to girls playing 
football(200). 
It has been reported that more than half of the BMC gain (+3.5% after 7 months of 
exercise versus controls) induced by jumping in pre-pubertal boys and girls was lost over 8 
years (215), that is even before these subjects reached peak bone mass. To understand this 
phenomenon, the ‘Achilles tendon of the exercise effect’,  it should be kept in mind that 80% 
of peak bone mass is genetically determined (216;217). Hence an initially greater bone mass 
(just after the intervention) may subsequently be remodeled to ultimately reach its genetically 
determined target(168). 
Despite the positive effects of physical activity on bone mass reported above, sports 
participation and physical activity increases fracture prevalence during childhood(22;37). 
Studies on the epidemiology of childhood fractures suggest that 36%(21) to 52%(218) of 
fractures are related to sporting activities, many of which may involve vigorous physical 
activity, suggesting that exposure to injuries is an important determinant of childhood fracture 
risk(110). Among children from the ALSPAC at age 9.9 years, an estimated vBMD or bone 
size relative to body size in the highest tertile and daily or more episodes of vigorous physical 
activity resulted in tripling of fracture risk(110). Physical activity with a small chance of 
injury probably increases bone mass and may reduce fracture risk(132), whereas vigorous 
physical activity or contact sports participation probably also increases bone mass, but because 
of increased numbers of injuries, also increases fracture risk(110). Detter et al study showed 
that a general, moderately intense, school-based exercise intervention program in prepubertal 
children with 5 years’ duration improved bone mass and in girls also skeletal architecture 
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without increasing fracture risk(219). Thus moderate physical activity rather than vigorous 
physical activity ought to be introduced to younger children with less detrimental effects.  
Studies from Tasmania have shown that time spent in front of the computer or videos 
or playing on a computer was associated with increased upper limb fractures in both boys and 
girls(132;220). A strong correlation between time spent daily in front of the computer and 
multiple fractures was also noted by Konstantynowicz et al(22). This association between 
fractures and time spent watching television was not replicated in the ALSPAC study and the 
authors postulated that the reasons for this discrepancy in results were due to a smaller sample 
size in the Tasmanian study and the use of time spent watching TV as a proxy for less physical 
activity(110). Furthermore, a meta-analysis suggests that the relationship between TV viewing 
and physical activity in children is negative but small, and watching television may replace 
other sedentary activities such as reading rather than replacing physical activity(221).  
Males generally are more actively involved in sport and team games, thus are more 
exposed to physical injury and fractures(13;19). Higher levels of physical activity were noted 
in males than females, with males having a higher prevalence of multiple fractures(22).   
 
1.4.8 Seasonal variation and vitamin D status  
Fracture incidence might be expected to show seasonal variation since work and 
leisure activities, climate and other factors vary throughout the year(222). Two studies have 
shown that upper limb fractures occur predominantly in the summer months(222;223), when 
better weather encourages an increase in outdoor activities whilst another study suggested that 
lower limb fracture admissions occur more in summer than in other seasons(224).  Not only 
does fracture incidence vary with seasonal but so does vitamin D status in childhood which 
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may impact on underlying bone mass. Vitamin D plays a major role in bone metabolism and 
mineralization. Concentrations of serum 25-hydroxyvitamin D (25(OH)D) above 50nmol/L 
are considered to be normal but there is debate about the level of this threshold(225) and the 
optimal level for bone health maybe above 50nmol/L. Overt vitamin D deficiency leads to 
rickets and subclinical deficiency may result in lower peak bone mass being attained as 
assessed by DXA which could in turn contribute to increased fracture risk in childhood and 
older life. Despite adequate sunshine in certain regions of the world and fortification of food 
and dairy products with vitamin D in many countries, vitamin D deficiency has resurfaced in 
developing and developed countries. The major worldwide problems leading to vitamin D 
deficiency are lack of sun-exposure, breastfeeding without supplementation, individuals with 
increased melanin pigmentation; use of sunscreens and religious/social practices that limit 
adequate sun exposure. An association between both lower bone mineral density and vitamin 
D deficiency and increased risk of fracture has been shown in African American children 
together with a dose-dependent relationship between forearm fracture risk and 25(OH)D 
levels(226). There is no other direct evidence describing the association of vitamin D 
deficiency and fractures in childhood. In a systematic review and meta-analysis study, wherein 
the mean baseline serum 25(OH)D level of the children was low (<35nmol/l), there were 
statistically significant effects on total body bone mineral content and lumbar spine bone 
mineral density after vitamin D supplementation however when data was analysed together 
regardless of the mean baseline serum 25(OH)D; there were no statistically significant effects 
on total body BMC, hip and forearm BMD(227).  
Targeting children and adolescents with low vitamin D status could result in clinically 
important improvements in bone density and peak bone mass and thus reduce fracture risk in 
both childhood and adulthood.   
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1.4.9 Socio-economic status (SES) 
Social deprivation has been shown to be an important factor in childhood and 
adolescent injury(228;229). Children from lower socio-economic backgrounds tend to live in 
higher population density neighbourhoods with more traffic and fewer playgrounds, and 
perhaps reduced use of safety measures at home and in play(230). The risk of childhood 
injuries is intensified by the presence of social conditions associated with poverty such as 
single parenthood, teenage parents, and lower levels of parental education, large family size, 
lack of affordable day-care, and drug and alcohol abuse. Lower SES is an independent and 
significant predictor of risk in fractures of the hand and upper limb in adolescent males and in 
fractures of the upper limb and distal radius in adolescent females(231). Court-Brown and 
Brydone(232) examined the relationship between tibial diaphyseal fractures and social 
deprivation and found that the most affluent patients tended to sustain their fractures in 
sporting activities and the most deprived from assault or direct blow injuries and this finding 
was also noted in children residing in Wales(229). However not all studies have supported the 
association; a prospective cohort study conducted in Brazil found that socio-economic 
indicators such as family income and maternal schooling were not associated with the 
incidence of fractures(104). A similar finding was reported from a study performed in Alberta 
between April 1995 and March 1996, which found that fractures were not associated with 
SES(230). 
Several different types of environmental exposures have previously been found to be 
associated with peak bone mass acquisition in childhood, such as nutrition and weight-bearing 
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physical activity(1). Social status may influence bone mass acquisition in childhood because 
nutrition and physical activity both show social gradients(233). 
Data from the ALSPAC cohort in the United Kingdom showed that social position is 
directly related to bone mineral content of adolescents meaning that social position is 
positively associated with BMC and the higher BMC may reduce their risk of fracture(76). 
Similarly in a lower middle income country, a study found that in girls from lower socio-
economic status in India, later onset of puberty and menarche together with lower calcium and 
protein intake were important contributors to lower bone mass in these underprivileged 
girls(234). After adjusting BMC for confounders such as lean mass, calcium levels or intake 
and physical activity, the Helena study on Spanish adolescents showed that SES assessed by 
the Family Affluence Scale, parental education and occupation is not related with BMC in 
adolescents(235). 
Clark et al described the two opposing influences of social position in pregnancy on 
bone mass acquisition in childhood(233). Firstly, a higher socioeconomic status during 
pregnancy tended to increase bone mass and skeletal area in childhood due to the positive 
effects of longitudinal growth and secondly, children born to mothers of lower socioeconomic 
status were shorter but their BA and BMC seemed to be preserved as a consequence of their 
greater fat mass(233).  These proposed apposing effects of social position in pregnancy are 
schematically shown in Figure 1.13 (233). 
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Figure 1.13 Proposed relationships between social position in pregnancy and skeletal growth, 
fat mass, and bone mass in childhood (solid arrows, positive associations; dashed arrow, 
negative association). (Source: Clark et al. JBMR 2005; 20:2082-2089.) 
 
The appositional growth of bone is the process by which bone increases in diameter. 
Bone area is an indirect measure of appositional growth, and the preservation of bone mass 
and bone area in children of lower SES reflects a positive effect of fat mass on periosteal bone 
formation. Furthermore, this positive effect of fat mass on preservation of bone mass and bone 
area may not apply to skeletal fragility and fracture risk. A higher bone mass might be 
expected to increase skeletal strength and reduce fracture risk more effectively when this 
occurs in the context of increased appositional rather than longitudinal growth, because of the 
strong relationship between subperiosteal expansion and bending strength(233;236). Findings 
from the ALSPAC study suggest that social status may be inversely related to skeletal strength 
in childhood but previous epidemiological studies in the United Kingdom have reported either 
no relationship between fractures and social status in children or that fractures are more 
common in children from poorer backgrounds(228;229;233;237). 
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Finally, the above findings probably indicate that socioeconomic differences in 
childhood fracture rates may be unrelated to underlying skeletal strength but more likely due 
to differences in risk of injury with more affluent populations sustaining fractures from 
sporting activities and the less affluent from violence, assault and less adult supervision during 
recreational activities or play. The most recent study in Washington, DC strongly suggested 
that African-American race, lower education and large families were the more important 
factors associated with increased risk for childhood fractures(237). 
 
1.5 Ethnic differences in fractures and bone mass in childhood 
Adult studies have documented ethnic differences in bone mass and fracture 
risk(238;239). African American adults fracture less and have greater aBMD than Caucasian 
adults(238), and similarly South African black women have greater hip bone mass(85;86) and 
fracture less compared to South African white women(240). 
Studies in the USA have shown that bone mineral density of the mid-radius, lumbar 
spine, trochanter and femoral neck are greater in African-American children than white 
children(241).  Data from the Birth to Twenty cohort has previously shown that South African 
black children at various ages have greater BMD than their white peers at lumbar spine, 
proximal femur, femoral neck, midradius and whole body(242-245). Recently, Micklesfield et 
al have reported that South African black children, despite having a  lower body weight than 
white children at age 13 years, have greater diaphyseal bone strength, as measured by 
pQCT(246). In the United States, black children have greater estimated bone strength, exhibit 
higher bone formation and lower bone resorption markers, and have lower 25(OH)D and 
higher PTH concentrations than white children(247). The greater pSSI in blacks results from 
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greater cortical bone density and larger cross-sectional areas and perimeters compared to 
whites. This findings together with those from a similar study (247;248), suggest that racial 
divergence in the structure and strength of the skeleton precedes puberty and these findings are 
consistent with bone mineral density measures by DXA(249;250). 
The racial difference in BMC and aBMD, though not apparent in infancy(251), 
emerges by early childhood and persists through adolescence and young 
adulthood(241;251;252). Hui et al concluded that black children do not differentially gain 
bone faster than whites during the accelerated bone growth phase in puberty(250). It remains 
to be determined whether the racial divergence in total bone mineral accrual starts in early 
childhood(250). Genetic or environmental factors leading to such divergence also need to be 
explored(250). 
The role of lifestyle factors such as physical activity in determining bone mass 
differences between South African ethnic groups has been investigated by McVeigh et al who 
only showed an association between physical activity and BMC and BMD, in South African 
white children at 9 years of age in the Birth to Twenty cohort(245). Increased physical activity 
has an association with bone mass in the White South African children but not in the black 
South African children because the latter, it is suggested, did not reach a high enough 
“threshold” of activity to induce an osteogenic stimulus(245;253). The reported lower physical 
activity levels in black South African children(245)  were thought to be related to the lack of 
organized sports in schools attended mainly by black subjects and the poorer socio-economic 
status of the black families(254). Despite the higher physical activity in white children, black 
children still had a higher hip, mid-radial and lumbar spine (girls only) bone mass and similar 
values to their white peers at other sites(245;253). 
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In South African children differences in bone mass and geometry, and physical 
activity, between the ethnic groups may be contributing risk factors to fractures in the different 
ethnic groups that need to be investigated.  Studies in the United Kingdom conclude that white 
children have significantly higher fracture rates than other non-white ethnic groups that 
included mainly blacks and Indians but the reasons as to why have not been elucidated 
(11;255). A prospective study on the ALSPAC cohort reported an inverse association between 
fractures and bone mass in children of different ethnic backgrounds but the sample numbers in 
non-white groups were too small to compare with the white group(76). A recent prospective 
multicentre study provided strong evidence that ethnicity is a major determinant of fracture 
risk in healthy children residing in the United States(256). Not only did they find a much 
higher fracture rate in non-Hispanic white children compared with children of other ancestry, 
they also reported that fractures occurred predominantly during physical activities such as 
sports and was more common in boys and during adolescence. Lastly, in general, these study 
findings were that of an inverse relationship between DXA bone measures and fracture risk 
but paradoxically, higher DXA values were associated with higher fracture risk in white 
males(256). 
A differential effect of ethnicity on fracture risk has been well documented ever since it 
was noted more than 50 years ago that fracture rates are lower in the elderly blacks of both 
South African and American origin(238;240;257). This finding is not confined to the elderly 
but is also present in childhood and adolescence when bone acquisition, physical activity and 
the risk for trauma is greatest(256). 
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1.6 Summary of the literature review 
 
a. Epidemiology of fractures in childhood 
Fracture rates in childhood are as high as those in the elderly. Over one-third of boys and 
girls sustain at least one fracture before 17 years of age. Fractures of the upper limb are the 
more common sports related injuries in children and occurred mainly in boys during early 
to mid puberty and of white ethnicity. Boys tend to experience more multiple fractures 
than girls. A first fracture is associated with an increased risk of multiple fractures during 
growth. 
 
b. Bone compartments and the various types of bone density 
The composite tissue of bone is made up of an organic collagen matrix and an inorganic 
mineral hydroxyapatite. The biological organization of bone consists of three levels: 
material bone density (BMDmaterial), compartment bone density (BMDcompartment) and total 
bone density (BMDtotal).The two types of bone tissue are namely trabecular and cortical 
bone tissue. Both trabecular and cortical compartments together with their relative 
volumes are utilized to determine BMDtotal. As bone grows in childhood, the relative 
volumes of each compartment change; resulting in changes in BMDtotal. Techniques that 
measure bone mass in children may quantitate bone mass of the whole bone or of a bone 
compartment. Further they may measure cortical or trabecular bone mass or a combination 
of the two. The trabecular bone tissue is found mainly in the vertebrae and ends of long 
bones while cortical bone is found in the shafts of long bones. 
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c. Bone mass in children 
The two main methods being utilized to assess bone parameters in children are DXA 
and pQCT. DXA measures bone in two- rather than three-dimensions therefore it is 
difficult to interpret BMD changes during childhood using DXA because of the continual 
change in volumetric size of bone during growth, whereas pQCT is a type of computed 
tomography used to measure volumetric BMD in the peripheral skeleton as well as bone 
strength and structure. 
Rapid bone growth occurs during childhood and bone modeling causes an increase in 
bone size. Modeling is the process of changing the shape of bone in response to growth 
and changes in weight bearing and muscular stresses. Bones grow in width by the 
formation of new bone on the outer or periosteal surface, while resorption occurs on the 
inside, or endosteal surface, of the bone. Genetics, strains on bone from physical activity 
and loading, and gains in body weight during growth determines the degree and amount of 
modeling. 
Optimizing bone mineral accrual early in life may prevent childhood fractures and 
possibly delay the development of osteoporosis later in life.  This has to be further 
investigated in randomized control trials. 
 
d. Factors associated with childhood fractures and their association with bone 
mass 
An understanding of the many related risk factors for fractures is important for 
deciding rational strategies for optimizing bone health during childhood. 
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i. Low bone mass 
A number of studies have linked bone mass to fracture while others have not. Some 
studies have found that children who sustain one or more fractures have a lower bone mass 
throughout the skeleton than those who remain fracture-free. 
ii. Heritability 
Gains in bone mineral accretion during childhood via interventions such as increased 
physical activity and nutrient supplementation may only be transient, thus promoting the 
hypothesis that bone is ultimately governed by a homeostatic system which tends to return 
towards a yet-to-be defined set point. 
Heritability has been estimated to contribute to more than 40% of the variance in adult BMD. 
Heritability of BA and BMC, by maternal descent is approximately 30% in South African 
pre/early pubertal black and white children, despite ethnic differences in both body and bone 
size, as well as in lifestyles. 
iii. Maternal and early life influences 
There is growing evidence that BMD and thus fracture or osteoporosis risk can be 
modulated during intrauterine and infant life. 
Higher birth weight is a determinant of a better bone health later in life and this effect is 
seen in both BMC and BMD of children. This finding is supported by a greater bone size and 
bone strength in late middle age and the postmenopausal period. These results suggest that 
there could be bone mass programming in early life. 
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There is contradictory evidence on maternal and early life factors and fracture risk in 
later life. Children who were born with above average length and who were heavy and tall 
throughout growth had an increased risk of fracturing during childhood and adolescence. 
In accordance with the hypothesis of developmental origins of diseases and the evidence 
from the literature, bone mass and fractures in childhood and adolescence seem to be partially 
programmed in early life. 
iv. Nutrition 
Retrospective studies generally show that low consumption of milk during childhood 
and adolescence is associated with higher risk of fracture later in life. An inadequate protein 
supply appears to play a central role in the pathogenesis of the delayed skeletal growth and 
reduced bone mass that is observed in undernourished children. 
Longitudinal prospective studies are needed to determine the importance to maintain a 
bone healthy diet to maximize peak bone mass and to reduce the risk of fractures in both 
childhood and adulthood. 
v. Obesity 
Contradictory results are being reported on skeletal mass in overweight or obese 
children. Some studies indicate that overweight children have higher BMC whereas others 
conclude that obesity is associated with a lower bone mineral content. Since most studies 
found a normal or increased bone mineral content in obese children, the main conclusion is 
that obese children have decreased bone mass and bone area relative to their body weight. 
Obesity and high body weight have been identified as risk factors for fractures and 
recurrent fractures. 
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vi. Puberty 
Puberty is not only a period of rapid longitudinal growth and accrual of bone mass, but 
also a period of high incidence of fractures. The pathophysiology for this high rate of fracture 
during growth is not clear; however, it has been suggested that one of the mechanisms may be 
the dissociation of bone expansion and bone mineralization during peak growth at 
adolescence. 
vii. Exercise 
Studies have shown that the most effective period during which to observe a larger 
increase of bone mineral mass with exercise is during childhood and adolescence, especially 
during the prepubertal years. 
Studies on the epidemiology of childhood fractures suggest that 36% to 52% of fractures 
are related to sporting activities, many of which may involve vigorous physical activity, 
suggesting that exposure to injuries is an important determinant of childhood fracture risk. 
viii. Seasonal variation and vitamin D status 
There is not much evidence showing an association between vitamin D deficiency 
(other than in frank rickets) and fracture risk. Two studies have shown that upper limb 
fractures occur predominantly in the summer months when better weather encourages an 
increase in outdoor activities whilst another study suggested that lower limb fracture 
admissions occur in summer than in other seasons. 
Whether targeting children and adolescents with low serum vitamin D concentrations 
would result in clinically important improvements in bone density and peak bone mass, thus 
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reducing future fracture risk in both childhood and adulthood is questionable. This question 
warrants further investigations and research. 
ix. Socio-economic status (SES) 
Socioeconomic differences in childhood fracture rates may be unrelated to underlying 
skeletal strength but more likely due to differences in risk of injury with more affluent 
populations sustaining fractures from sporting activities and the less affluent from violence, 
assault and less adult supervision during recreational activities or play. 
 
e. Ethnic differences in fractures and bone mass in childhood 
A differential effect of ethnicity on fracture risk in adults has been well documented ever 
since it was noted more than 50 years ago that fracture rates are lower in the elderly black 
subjects both in North America and South Africa. This finding is not confined to the elderly 
but is also present in childhood and adolescence when bone acquisition, physical activity and 
the risk for trauma is greatest. 
In South African children differences in bone mass and geometry, and confounding factors 
such as differences in physical activity, between the ethnic groups may be contributing risk 
factors to fractures that need to be further investigated. 
 
1.8 Gaps in the literature 
More research needs to be undertaken to investigate and understand how bone mass 
develops during childhood and adolescence and the relationship between fracture risk and 
bone mass prior to young adulthood. The studies which will be presented in this thesis will 
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provide an improved understanding of childhood fractures and the physiopathology of low 
bone mass and will help to establish preventative strategies to lessen the burden of childhood 
fractures. There has also been emerging research on ethnic differences in bone mass and 
fractures in children but the data is limited in terms of the ethnic disparities between the 
association of fractures, related risk factors, heritability and bone mass in children.  The 
pattern and incidence of childhood fracture rates amongst the various South African ethnic 
groups have not been investigated previously. Further, the contribution of bone mass and 
physical activity to ethnic differences in fracture risk, and the familial relationship between 
first degree relatives with regard to fracture and bone mass patterns amongst children of 
different ethnic groups have not been studied. Few studies have been conducted utilizing 
pQCT in children to determine whether a relationship exists between bone size, bone 
geometry and bone strength and fracture risk. There is also a need for studies to determine if 
assessing trabecular volumetric BMD could enhance fracture prediction during growth in 
healthy and chronically ill children. 
Lastly, if this study confirms that there are ethnic differences in fracture rates in South 
African children, further studies using different techniques such as pQCT, will be required to 
teaze out the underlying physiological mechanisms for these ethnic differences. 
 
 
 
 
 
 
63 
 
CHAPTER 2 
 
This chapter describes the aims, objectives and the hypotheses of this study based on 
the gaps in the literature that were highlighted in chapter 1. The study population, methods 
utilized and the statistical analyses performed in the study are explained in detail in this 
chapter. 
   
Aims 
To investigate the epidemiology (number and pattern of fractures) and risk factors for 
fractures in children and their siblings of black, white, mixed ancestry and Indian ethnic 
origins in Johannesburg, South Africa; and to determine the association between fractures and 
bone mass in these children and their biological mothers. 
 
Objectives 
1. To determine the incidence or rates of fractures, their common sites of occurrence, 
their causes and the grades of trauma associated with fractures in urban South African 
children of different ethnic groups from birth until 17/18 years of age. 
2. To investigate the associations between fracture prevalence for the first 15 years of life 
and bone mass, body composition and physical activity at ages 10 and 15 years in these 
children. 
3. To assess the fracture patterns and bone mass of South African adolescent-biological 
mother pairs. 
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4. To determine if a familial association exists between first degree relatives (biological 
mothers and siblings) and the cohort children of different ethnic groups with regard to 
the prevalence of fractures. 
 
 Study hypotheses 
1. South African black children fracture less than white children; an ethnic pattern that is 
seen in the post-menopausal South African population.  
2. All ethnic groups have a similar pattern of age and sex related distribution of fractures. 
3. There is a strong association between mothers’ and their adolescents’ bone mass 
measurements. 
4. Maternal bone mass is associated with fracture prevalence in their adolescent 
offspring; and a history of fractures in the mother or other siblings is associated with a 
history of fractures in the adolescent. 
  
Study population 
The study is based on data obtained from a longitudinal cohort of children (the Birth to 
Twenty cohort) who have been living in the Greater Johannesburg metropolitan area since 
their births in 1990. More detailed information was also obtained from the sub-cohort (the 
Bone Health sub-cohort) from the age of 9 years for the purpose of this study. The 
demographics and origins of these cohorts are described in more detail below. 
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The Birth to Twenty cohort and the Bone Health sub-cohort:  
The longitudinal Birth to Twenty study (Bt20) is based on a cohort of urban children, 
which included all singleton neonates delivered within the public sector hospitals within 
Johannesburg and Soweto between April 23 and June 8 1990 and who were still resident in the 
greater Johannesburg area six months after delivery, with the aim of tracking their growth, 
health, well-being and educational progress. 3273 singleton neonates were enrolled. The total 
cohort is demographically representative of long-term resident families living in 
Johannesburg-Soweto. However, the cohort under represents white children due to white 
families frequently utilizing private practitioners and facilities for maternity services and thus 
not being enrolled. The Bone Health study is a sub-cohort nested within Bt20 and was 
constituted when the children were 9 years of age in 1999 to investigate in more detail factors 
influencing bone mass accretion during puberty and adolescence. The Bone Health study was 
a random sample of 682 children, stratified by ethnic group (black and white), gender, and 
socioeconomic status. The Bt20 and Bone Health cohort were cross-checked to ensure that 
there were no significant differences between the samples for key demographic variables such 
as residential area at birth, maternal age at birth, gravidity, gestational age, and birth weight. 
To compensate for the under-representation of white children in this sub-cohort, a 
supplementary sample of 120 white children born during the same period in 1990 were 
recruited at the age of 10 years into the Bone Health sub-study. These additional children were 
the same age as those of the original cohort and were selected from schools in the greater 
Johannesburg metropolitan area. They were asked to volunteer to participate in the study. 
There were no differences in birth weight, maternal age and education, and socioeconomic 
status between the supplementary children and the original white participants of the cohort.  
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Children who had chronic diseases such as rheumatoid arthritis, epilepsy and asthma 
were excluded from the data analyses, as the use of certain medications and immobility are 
risk factors for low bone mass and may increase the incidence of fractures. 
Of the 3273 children in the cohort initially, contact had been maintained with more 
than 70% at the age of 16 years. A cohort profile describing the study sample, research 
objectives and attrition has been documented by Richter et al.(258).  The child’s ethnic 
classification was defined by the race classification currently in use in South Africa for 
demographic and restitution purposes. Although the South African government currently 
classifies race into black (ethnic Africans), white (Europeans, Jews and Middle Easterners), 
mixed ancestry (mixed race) and Indian (Asian), only children for whom both parents were 
classified as either white, black, mixed ancestry or Indian were included in this study. 
Participants were born prior to the HIV epidemic in South Africa and thus were unlikely to 
suffer from HIV. The reported child mortality in the original Birth to Twenty cohort of some 
3200 participants by age 10 years was 28 participants and this number had increased to 40 by 
age 15 years. This mortality rate also did not include children that demised in the first 6 
months of age as one of the mandatory selection criteria was that the baby and mother had to 
remain in the area until the child was 6 months old. The cause of death was mainly 
accident/trauma related. Thus the bone mass demographics were unlikely to be affected by 
chronic illnesses or death.  
All subjects provided assent and their parents provided written, informed consent; 
ethical approval having been obtained from the University of Witwatersrand Committee for 
Research on Human Subjects (ethics clearance number: M071132 (appendix A)). 
 
 
67 
 
Study subjects  
The Birth to Twenty cohort was used to determine fracture incidence in children. 
Fracture histories from 2031 children were analyzed to meet the first objective of this thesis to 
document fracture incidence and patterns in children up to 14.9 years of age. The ethnic 
breakdown of this study sample was predominantly black (B) (1600 [78%]), with the 
remainder of the cohort being made up of white (W) (188 [9%]), mixed ancestry (MA) (213 
[10.5%]) and Indian (I) (30 [1.5%]). 
Information on fractures between 15 and 17/18 years of age was also obtained from 
1813 children so as to provide data on fracture incidence and patterns in adolescents beyond 
14.9 years of age. The number of study participants at 17/18 years was lower than at 15 years 
due to a poorer follow-up at 17/18 years as these adolescents were older and less committed.  
The Bone Health cohort (533 children) was used to assess the relationship between 
fracture and bone mass, body composition and physical activity (objective 2 of the thesis) 
which is discussed in more details below.  
Data from 1389 adolescent-biological mother pairs from the Birth to Twenty (Bt20) 
longitudinal study of child health and development were utilized to meet objectives 3 (to 
assess the fracture patterns and bone mass of South African adolescent-biological mother 
pairs) and 4 (to determine if a familial association exists between first degree relatives and the 
cohort children of different ethnic groups with regard to the prevalence of fractures) of this 
thesis. The relatively small number of mother-child dyads was as a result of the mothers’ bone 
mass measurements being performed when the adolescents were aged 13 years. During the 
time period between birth to 13 years, a number of mothers had either demised or were no 
longer staying with the adolescent. The children in such situations were generally cared for by 
grandmothers. 
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Methods 
Fracture questionnaires:  
A fracture questionnaire (appendix B) was completed by each adolescent at age 15 
years and verified for completeness and accuracy by the parent or primary caregiver of the 
child. The questionnaire included information on previous fractures, their sites with the aid of 
a skeletal diagram, the causes and age at fracture. The methodology used for year 15 fracture 
data collection was able to confirm the age, site and cause of previous fractures that had been 
recorded at year 13 (fracture questionnaire not included) and also collected information on 
new fractures occurring between 13 and 14.9 years. The grading of severity of trauma causing 
fractures was classified into slight (grade 1), moderate (grade 2) or severe (grade 3) (Table 
2.1). The definitions were slightly modified from Landin (9) and Manias et al (37) to be 
appropriate for local conditions as skiing and other similar snow/ice related activities are 
generally not available in South Africa and to simplify the classification all sport injuries were 
classified as grade 2 trauma.  
 
Table 2.1 Grades of trauma causing fractures   
Grade 1 
(Slight) 
 Falling to the ground from standing on the same level 
 Falling from less than 0.5 metres (falling from stools, chairs and 
beds) 
Grade 2 
(Moderate) 
 Falling from between 0.5 – 3 metres   
 Falling down stairs, from a bicycle, roller blades, skateboard or swing 
 Playground scuffles 
 Sport injuries 
Grade 3 
(Severe) 
 Falling from a height > 3 metres (falls from windows or roofs) 
 Motor vehicle or pedestrian accidents 
 Injuries caused by heavy moving or falling objects (e.g. bricks or 
stones) 
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A second fracture questionnaire (appendix C) was completed by each adolescent with 
the help of his/her parent or caregiver at 17/18 years of age. At age 17/18 years, the fracture 
questionnaire included information on fractures since their previous questionnaire. 
Mothers/caregivers also completed a questionnaire on fractures occurring since birth in 
the adolescent’s sibling/s (appendix D). Biological mothers completed questionnaires on their 
own fractures prior to the age of 18 years (appendix E). 
Due to the retrospective nature of the fracture data collection, the fractures could not 
be verified by radiographs. Six months to a year after completing fracture questionnaires at 
age 17/18 years, verification of fracture data was done telephonically by randomly sampling 
51(9%) participants with a history of fractures. Initially 56 participants with a history of 
fracture were randomly selected for telephonic verification of fractures. This was 10% of the 
total number of reported fractures, however only 51 participants could be contacted. The 
questionnaire (appendix F) used to verify the fractures included information on the side, site 
and cause of the last sustained fracture together with information on how, where and by whom 
the diagnosis of the fracture was confirmed, whether radiographs were performed, what 
treatment was offered and if any records were available.   
 
Anthropometric measurements, skeletal maturity and DXA-derived parameters of children at 
10 and 15 years enrolled in the Bone Health cohort: 
Anthropometric measurements, skeletal maturity and bone mass data has been 
obtained annually from the age of 9 years when the participants of the Bone Health cohort 
were first enrolled.  Data at age 10 years (pre- or early puberty) and 15 years (mid- or late 
puberty) were used for the present studies. Height was measured to the nearest millimetre 
using a stadiometer (Holtain, Crosswell, UK). Weight was measured to the last 100g using a 
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digital scale (Dismed, Halfway House, South Africa) with participants wearing light clothing 
and no shoes. Skeletal maturity was assessed by a trained expert by scoring bone age from 
hand radiographs using the Tanner-Whitehouse bone-specific scoring technique (TWIII 
20)(259). 
Total body less head bone area (TBLH BA), total body less head bone mineral content 
(TBLH BMC), whole body composition (fat mass and lean mass) and site-specific 
measurements of bone area (BA) and BMC at the radius (R), hip (H), hip neck (HN) and 
lumbar spine (LS) were performed using an Hologic QDR 4500A dual-energy X-ray 
absorptiometer (DXA) according to standard procedures (software version 11.2, Hologic, 
USA). The data were analysed with the software supplied by the manufacturer, version 11.2. 
A lumbar spine phantom was scanned daily to determine the machine’s measurement 
precision, expressed as the coefficient of variation (CV) which for BA and BMC were 0.47% 
and 0.78% respectively. All measurements were performed and analysed by the same person. 
 
 Assessment of physical activity levels from the Bone health cohort: 
Questionnaires quantifying total physical activity (PA) for the previous 12 months 
were administered at ages 10 and 15 years via interview.  These questionnaires were modified 
from studies by Pate et al (260) and Gordon-Larsen et al(261) to be appropriate for South 
African children. Results have been previously published on the Bone Health cohort at 9, 10 
and 13 years of age utilising these modified physical activity questionnaires(245). The 
intensity, frequency and duration of all physical activities (physical education, extra-mural 
school and club sport, informal physical activity, and active commuting to and from school) 
and sedentary activities were recorded.  Formal activities included sporting activities at school 
and club level while informal activities included play activities at home or in the 
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neighbourhood outside of school. Physical activity was scored in minutes per week multiplied 
by metabolic equivalents (MET, one MET is defined as the energy expenditure for sitting 
quietly, which for the average adult is approximately 3.5 ml of oxygen/kg body weight/min) 
according to the classification of Ainsworth et al.(262), to obtain a measure of physical 
activity related energy expenditure (METmins/wk). The total, formal and informal physical 
activity scores where thereafter converted to Z scores by utilizing the physical activity scores 
of the largest non-fracture group (black females) as the reference data for comparison between 
those who did and did not sustain a fracture.    
 
Anthropometric measurements and DXA-derived parameters on adolescent-biological mother 
pairs from the Birth to Twenty cohort: 
 Anthropometric measurements and bone mass (total body including head and lumbar 
spine) data on the Bt20 subjects at the age of 17/18 years were obtained. Biological mothers’ 
anthropometric data and bone mass measurements had been collected over 2 years when the 
adolescents were on average 13 years of age. Height was measured to the nearest millimetre 
using a stadiometer (Holtain, Crosswell, UK). Weight was measured to the last 100g using a 
digital scale (Dismed, Halfway House, South Africa) with participants wearing light clothing 
and no shoes. Tanner staging of pubertal development was assessed by the adolescents 
privately using a protocol based on Tanner’s Sexual Maturation Scale (SMS)(263). This 
protocol, which had been previously validated for black South Africans(264), consists of 
drawings of the five Tanner stages of secondary sexual characteristics (breast development in 
females and genital development for males and pubic hair in both sexes), ranging from stage 1 
(pre-pubertal), through to stage 5 (post-pubertal) and written descriptions of the different 
Tanner stages. The subjects were asked to look at the various drawings and corresponding 
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written descriptions and mark off that which closely resembled their stage of development. 
  Total body (TB) including head and lumbar spine (LS) BA and BMC were measured in 
both the adolescents and biological mothers using Hologic QDR 4500A dual-energy X-ray 
absorptiometer (DXA) according to standard procedures using the same software version for 
both the adolescents and biological mothers (software version 11.2, Hologic, MA, USA).   
 
Statistical analyses  
Fracture incidence:  
Data were initially analyzed using Statistica statistical software version 7.0 (StatSoft, 
USA) and thereafter using version 10.0. Fracture rates were calculated as the number of 
subjects with new fractures or the total number of new fractures divided by total person-time 
of observation. Categorical data were summarized as numbers and percentages. Comparisons 
were made between those who had and had not fractured within ethnic groups and between 
ethnic groups using chi-square or Fisher-exact analysis. A p-value of <0.05 was considered to 
be statistically significant. Because of the small number of subjects in the Indian ethnic group, 
statistical analyses generally did not include this group. 
 
Statistical analyses for data obtained from children at ages 10 and 15 years from the Bone 
Health cohort: 
Individual anthropometric Z-scores (height for age Z score (HAZ) and BMI for age Z 
score (BAZ)) were calculated using the WHO Anthroplus software 
(http://www.who.int/growthref/tools/en/ ).  
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Using logistic regression analyses, ethnicity and sex were found to be important factors 
predicting fracture risk in the entire cohort, therefore analyses were performed for each sex 
and ethnic group separately.  Data were summarized as means (standard deviations) or 
medians (interquartile range), depending on the distribution of the data. Comparisons were 
made between those who had and had not fractured within the same sex and ethnic group 
using chi-square analysis. A p-value of <0.05 was considered to be statistically significant. 
The largest non-fracturing group (black females) were used as the control or reference group 
to compare with other groups for whole body composition, bone mass measurements and 
physical activity scores. Individual whole body composition measurements were compared 
with the control group (non-fracturing black females) by calculating Z-scores, by subtracting 
the control mean from the participant’s specific measurement and dividing by the control 
standard deviation (SD). Bone mass, height and weight variables were log transformed to 
adjust for skewed data, following which BA and BMC were adjusted for height and weight of 
the whole cohort using multiple regression analyses. Thereafter, Z scores for BA and BMC of 
each of the sexes and ethnic groups were derived using the non-fracturing black females as the 
control group. Unadjusted physical activity Z scores were derived using the same control 
group.  
 
Statistical analyses for data obtained on adolescent-biological mother pairs from the Birth to 
Twenty cohort: 
Data were analyzed using SAS (version 9.3) package. In the descriptive analysis of the 
adolescent-biological mother pair characteristics, baseline data were summarized as means 
(standard deviations). ANOVA was used to test for differences in age and anthropometric 
measurements and ANCOVA, adjusting for height and weight, was used to test for differences 
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in bone mass (BMC and BA) measurements between ethnic groups. Bonferonni correction 
was used for post hoc comparisons of individual groups. Categorical data were summarized as 
numbers and percentages. Comparisons were made between those who had and had not 
fractured using chi-square or Fisher’s exact analysis. A p value of <0.05 was considered to be 
statistically significant. Ethnicity was dummy coded in all regression models, with whites as 
the reference group. The pubertal stages of the adolescents were divided into early puberty 
(Tanner stages 1-3) and late puberty (Tanner stages 4-5) for use in the regression models. 
Multiple forward selection and backward elimination stepwise regression analyses examined 
the independent contributions of various factors to adolescent TB and LS BA and BMC, and a 
significance value of 0.15 was used for both inclusion and exclusion. Logistic regression 
analyses were performed to determine the factors influencing fracture risk in the adolescents 
before and after adjusting for confounding variables. The maternal bone mass measurements 
used in the logistic regressions were converted to Z-scores using the entire cohort of mothers 
as the reference group 
 
The next three chapters of the thesis describe the results of the three major studies 
using the objectives, methods and statistical analyses described above. Chapter 3 describes the 
fracture incidences and patterns in children up to 17/18 years of age, while chapter 4 assesses 
the relationship between fracture and bone mass, body composition and physical activity 
(objective 2) and chapter 5 describes the fracture patterns and bone mass of South African 
adolescent-biological mother pairs and determines if a familial relationship exists between 
first degree relatives (biological mothers and siblings) and the cohort children of different 
ethnic groups with regard to the prevalence of fractures (objectives 3 and 4). 
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CHAPTER 3 
 
Fracture patterns in urban South African children of different ethnic 
origins 
 
This chapter describes the fracture incidence and patterns in children up to 17/18 years 
of age. The results are provided and discussions pertaining to these findings are outlined 
together with the limitations. 
 
Most of the findings and discussion in this chapter have been published in the following 
publication (appendix G): 
Thandrayen K, Norris SA, Pettifor JM. Fracture rates in urban South African children of 
different ethnic origins: the Birth to Twenty cohort. Osteoporos Int. 2009 Jan;20(1):47-
52.  
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Results 
 
Fracture prevalence and rates from birth until 15 years of age: 
Of the 3273 subjects originally enrolled in the Birth to Twenty cohort, fracture data 
were available on 2031 subjects at age 15 years. Nine hundred and eighty six (48.5%) were 
males and one thousand and forty five (51.5%) were females. Of the 2031 subjects, 441 (22%) 
children had had one or more fractures during their lifetime. (Table 3.1) The total number of 
fractures in the entire cohort was 565. White children had the highest proportion with a history 
of fractures (41.5%), followed by the Indian (30%), mixed ancestry (21%) and black (19%) 
children. (Table 3.1) There was a significant difference between the ethnic groups in the 
percentage of children who had fractures over the first 15 years of life (p<0.001). A higher 
percentage of both males and females among white children (47% and 36% respectively) had 
fractured compared to those in the black (25% and 14% respectively) and mixed ancestry 
(26% and 15% respectively) groups. (Table 3.1)  
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Table 3.1 The number of children who sustained fractures over the first 15 years of life 
according to ethnicity and sex in the Birth to Twenty Cohort 
Ethnicity 
All 
children 
 
Number of children with fractures 
Total children with 
fractures 
Males Females 
n n % % % 
White  188 78 41.5* 47
a,b
 36
c,d
 
Indian 30 9 30 43 19 
Mixed ancestry 213 44 21 26 15 
Black 1600 310 19 25 14 
Total 2031 441 22 27.5 16.3 
*
p<0.001 between white and other ethnic groups, 
a
p<0.001 between white and black males, 
b
p<0.004 between white and mixed ancestry males, 
c
p<0.001 between white and black 
females, 
d
p<0.001 between white and mixed ancestry females 
 
The overall fracture rate over the first 15 years of life was 18.5/1000 children/annum. 
The fracture rate over this period was three times greater in the white group than in the black 
and mixed ancestry groups (W 46.5 [95% CI 30.4-58.3] ; B 15.4 [95% CI 9.8-20.1]; MA 15.6 
[95% CI 7.7-23.5] /1000 children/annum, p<0.001). The fracture rate in Indians over the first 
15 years of life was 28.9 [95% CI 4.9-52.9] but not significantly different from the other 
ethnic groups, probably because of the small number of subjects. 
 
The age distribution and peak rates of fractures were similar between the black and 
mixed ancestry ethnic groups but the fracture rates were consistently higher in the white 
78 
 
population in each age group (Figure 3.1). The Indian group was not included in the table due 
to the small numbers. 
 
Figure 3.1 Fracture rates per year by age and ethnicity  
 
First fractures were more common in the white group than in the black and mixed 
ancestry groups (W 31.2 [95% CI 19-41.6]; B 12.9 [95% CI 8.7-16.4]; MA 13.8 [95% CI 6.9-
20.6] /1000 children/annum; p<0.001 and I 17.8 [95% CI 0.9-34.7]).  
 
Sex differences in fracture rates: 
More boys than girls sustained fractures (27.5% vs 16.3%; p<0.001) throughout all age 
groups except in the first year of life. (Figure 3.2)  
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Figure 3.2 Fractures per year by age and sex. The number of males and females in the study 
were similar. 
 
Of all fractures, 64% occurred in males. The peak age of fractures was between 11-
14.9 years for the sexes combined. The peak fracture rate for girls occurred between 11-13.9 
years of age during which period 10% of those who fractured, fractured and between 11-14.9 
years of age for boys when 19% fractured. The fracture rate from 11-14.9 years of age in 
white males was almost three times higher than in black males (101.1 [95% CI 59.9-142.4] vs 
37.3 [95% CI 19.5-55.2] /1000 children/annum, p<0.001) and double that of the mixed 
ancestry group (49.5 [95% CI 10-89] /1000 children/annum, p<0.002). The fracture rate from 
11-13.9 years of age in white females was three times greater than in black (60.6 [95% CI 
17.1-104.1] vs 17 [95% CI 9-25.1] /1000 children/annum; p<0.001) and mixed ancestry 
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females (18.7 [95% CI -4.6-41.9] /1000 children/annum; p<0.003).  The Indian group was 
excluded due to the small numbers. 
 
Single and multiple fractures: 
Of the 441 children who reported having had a fracture, 80% (352) had sustained a 
single fracture while 20% (89) had fractured on more than one occasion. More boys than girls 
sustained two or more fractures (23% (63) vs 15% (26) of those fracturing; p<0.001). The 
maximum number of fractures sustained by any individual was five. 
There were no significant differences between the sites of fractures when comparing males 
and females (Table 3.2) 
 
Table 3.2 Fracture sites by sex 
Fracture site 
Total 
n (%) 
Males 
n (%) 
Females 
n (%) 
Upper limb 
320 (57) 206 (64) 114 (36) 
Lower limb 
126 (22) 71 (56) 55 (44) 
Hand 
54 (10) 40 (74) 14 (26) 
Foot 
26 (5) 15 (58) 11 (42) 
Shoulder 
25 (4) 17 (68) 8 (32) 
Other/ 
non-specified 
14 (2) 11 (79) 3 (21) 
Total  
565 (100) 360 (64) 205 (36) 
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With all fractures combined, there were an almost equal number of fractures occurring 
in the left and right sides and at most sites except at the sites of the upper limbs and foot. 
Upper limb fractures occurred more frequently on the left side and foot fractures occurred 
more frequently on the right side. Of the upper limb fractures, 31% (96) were of the left wrist 
or lower arm and 23% (72) were of the right wrist or lower arm (p<0.05).     
 
Table 3.3 Fracture sites according to the side of fracture (left or right) 
Fracture site 
Total 
n (%) 
Left side 
n(%) 
Right side 
n(%) 
Upper limb 
311 (55) 166* (53) 145 (47) 
Lower limb 
115 (20) 56 (49) 59 (51) 
Hand 
52 (9) 21 (40) 31 (60) 
Foot 
20 (3.5) 5 (25) 15* (75) 
Shoulder 
19 (3.5) 9 (47) 10 (53) 
Other/ 
non-specified 
4 (1) 1 (25) 3 (75) 
Both sides/ Do not 
recall 
44 (8) - - 
Total  
565 (100) 258 (46) 263 (46.5) 
*p<0.05 
 
The fracture rate at each site was highest in white children (p<0.025) (Figure 3.3). 
Fracture rates at the different sites were similar in the black and mixed ancestry groups, but 
lower than in white and Indian children. 
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Figure 3.3 Fracture rates over 15 years between ethnic groups at the different fracture sites. 
The p values indicate significant differences between fracture rates of the white children and 
those of the black and mixed ancestry children. 
 
Grades of trauma causing fractures: 
Most fractures occurred as a consequence of grade 2 trauma within all ethnic groups. 
There was a statistically significant difference in the grades of trauma causing fractures 
between the white and black children (p < 0.025), with whites generally fracturing at more 
severe levels of trauma. (Table 3.4) 
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Table 3.4 Grades of trauma causing fractures by ethnicity and sex until 15 years of age 
 
Grades of 
trauma 
causing 
fractures 
Fractures occurring in individuals according to grades of trauma 
Black* White Mixed Ancestry Indian 
Males** 
n (%) 
Females 
n (%) 
Males 
n (%) 
Females 
n (%) 
Males 
n (%) 
Females 
n (%) 
Males 
n (%) 
Females 
n (%) 
Grade 1 61 (25) 41 (32) 10 (13.5) 9 (16) 9 (26) 7 (44) 1 (10) 3 (75) 
Grade 2 151 (62) 70 (55) 56 (76) 38 (67) 21(62) 7 (44) 7 (70) 1 (25) 
Grade 3 28 (12) 16(12.5) 7 (9.5) 9 (16) 3 (6) 2 (12) 2 (20) 0 (0) 
Do not recall 2 (1) 1 (0.5) 1 (1) 1 (1) 1 (3) 0 (0) 0 (0) 0 (0) 
Note: The Indian group was excluded from the Fisher exact or Chi-square statistical analyses 
due to small number of subjects 
* p< 0.025 Fractures in blacks associated with lower grades of trauma than in whites 
** p< 0.035 Fractures in black males associated with lower grades of trauma than in white 
males  
 
Sport-related activities resulting in fractures 
Thirty one percent (110) of the incidents resulting in fractures in males were associated 
with sport-related activities whilst in females only 17% (35) of fractures were related to sport-
related activities (p<0.001). A greater percentage of whites sustained fractures due to sport-
related activities compared to blacks and mixed ancestry groups. Black males sustained more 
fractures due to sport-related activities compared to black females and, within groups of 
similar gender, a greater percentage of both white males and females had sustained fractures 
due to sport-related activities compared to the mixed ancestry and black ethnic groups.     
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Table 3.5 Sport-related activities associated with fractures by ethnicity and sex until 15 years 
of age 
Ethnicity 
All 
fractures 
 
Number of 
children with 
sport-related 
activities causing 
fractures 
Percentage of children with sport-related 
activities causing fractures 
Males Females 
n n % % 
White 131 50* 45** † 30† 
Indian 14 5 50 0 
Mixed ancestry 50 6 18 0 
Black 370 84 27** 14 
Total 565 145 31* 17 
*p<0.001 between white and blacks, between whites and mixed ancestry and between males 
and females 
**p<0.01 between black males and females, between white males and black males 
† p<0.05 between white males and mixed ancestry males; between white females and mixed 
ancestry females and between white females and black females 
 
 
Fractures between 15 and 17/18 years of age: 
At 17/18 years of age, a total of 1813 fracture questionnaires were completed. Of the 
1813 subjects, 22% (399) reported a history of sustaining at least one fracture from birth till 
17/18 years of age (after adding the number of fractures that occurred until 14.9 years to those 
that occurred between 15 -17/18 years of age). This percent is similar to that reported at age 15 
years on fractures from birth till 14.9 years of age. Between the ages of 15-18 years, 59 
subjects reported a history of sustaining a fracture; three individuals reporting multiple 
fractures thus bringing the total number of fractures to 62.  
Of the 59 subjects who reported fractures, 41 (69.5%) were males and 18 (31.5%) were 
females (p=0.001).  
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Whites had a higher prevalence of fractures [9% (10/106)] between 15 and 18 years of life 
than black [3% (44/1520)], mixed ancestry [2% (4/174)] and Indian groups [1/13(8%)]; 
(W>B, p<0.001 and W >MA, p<0.05). Further data analyses were not performed on the 
different ethnic and sex groups due to the small number of fractures in each group. 
 
An almost equal number of fractures occurred on the left (31/62) and right (28/62) 
sides of the body and 3 incidents of fractures involved both the left and right sides of the body.  
There were almost equal numbers of upper limb (34%) and lower limb (35.5%) 
fractures and of hand (14.5%) and foot (11%) fractures (Figure 3.4). 
 
Figure 3.4 Number of fractures at the different sites between ages 15 and 18 years 
 
As in the younger age group (<15 years of age), most fractures occurred as a 
consequence of grade 2 trauma in the males between ages 15 and 18 years (Figure 3.5) 
however there were no significant differences in grades of trauma between males and females. 
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Figure 3.5 Grades of trauma causing fractures in males and females between ages 15 and 18 
years. *p<0.001 between grades 1 and 2 and; between grades 2 and 3 in males. 
 
Verification of fracture data 
To assess data quality, fractures were verified telephonically some 6 to 12 months after 
completing the initial questionnaire in 51 (9%) of the original 565 reported fractures in the 
Bt20 cohort. Forty eight (94%) confirmed having had one or more fractures. Of the remaining 
three, 2 had initially reported strains as fractures as telephonically they reported that there 
were no fractures noted by the attending health care worker after radiographs were taken and 
one had reported no history of fractures in the initial questionnaire and on the subsequent 
questionnaire had incorrectly reported a fracture. On enquiring about more detail pertaining to 
the last fracture, 58% (28) of the individuals or caregivers had 100% recall of the event 
including the age, site, side and trauma resulting in the fracture. Thirty seven percent had 
partial recall for the event as recorded in the initial questionnaire and in four percent the 
recollection did not correlate with that reported in the previously completed questionnaires. Of 
the reported fractures, 46 (96%) were said to have been diagnosed by a doctor and one by a 
nursing sister and one was self-diagnosed. Of the last reported fracture, eighty nine percent 
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(42/48) had confirmed that they had had a radiograph performed, three did not and two could 
not remember and one fracture was self-diagnosed. Of the last reported fractures, sixty two 
percent (29) had had plaster of Paris applied, 15% had had a bandage applied, 11% had had an 
operation, 6% a splint or brace applied and the remaining 6% had had a sling applied or were 
advised to rest.  
 
 
Discussion 
  
 
This study shows that fracture rates in children in South Africa vary across the different ethnic 
groups, with the proportion of children reporting fractures in the white ethnic group being 
almost double that of the black and mixed ancestry groups. As far as I have been able to 
ascertain this study of children’s fractures, which was published in 2009, was the first study to 
report ethnic comparisons in the world. Numerous studies from developed countries have 
reported on the incidence of childhood fractures in defined populations(2;6;9;22;27;229) and 
in longitudinal cohort studies(23), but none had reported on ethnic differences in childhood 
fracture patterns. The pattern of lower fracture incidence in black than white children is 
similar to that noted for femoral neck fractures in adults in South Africa(240). 
 
The risk of osteoporotic fractures in the elderly is related to gender and ethnicity. The 
National Osteoporosis Risk Assessment (NORA) longitudinal observational study of 
osteoporosis among postmenopausal women in primary care practices in the USA compared 
white, Asian, Hispanic and Native American women in terms of osteoporosis risk and showed 
that these ethnic groups are more at risk for osteoporosis than African-American women(265). 
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Similarly African-American women have a lower fracture risk than white women at every 
level of bone mineral density and this relationship is largely explained by environmental and 
genetic factors that need to be further investigated(238).  
In our Bt20 cohort,  22% of children overall reported fractures, however 41.5% of white 
children suffered one or more fractures; this latter figure being comparable to that found in the 
Dunedin Multidisciplinary Health and Development study whose participants were 
predominantly Caucasian(23). The proportion of white boys and girls reporting fractures in the 
present study is also similar to that reported by Landin where by the age of 16 years, 42% of 
boys and 27% of girls from Sweden had suffered a fracture(9), however the figures are 
somewhat higher than those reported from a cross-sectional study in Poland, in which 30% of 
1246 respondents had fractured by the age of 16 to 20 years(22). A more recent study 
conducted in Sweden reported a 34% cumulative risk of sustaining a fracture before 17 years, 
of which 61% of all fracture events occurred in boys(24). In the Bt20 study, the fracture rate in 
white children was three-fold that found in the black and mixed ancestry groups and more 
males than females sustained multiple fractures, the latter finding being in keeping with other 
population based studies(2;6;9;21-23).  
A recent study conducted between 2010 and 2011 in Norway reported an annual 
fracture incidence of 180.1 per 10,000 children(266). Swedish studies have reported a slightly 
higher fracture incidence of 212 fractures per 10,000 children between 1950 and 1979(9) and 
of 213 to 240 per 10,000 children between 1998 and 2007 (24). Raustorp and Ludvigsson(267) 
showed an increase in daily physical activity in Swedish children between 2000 and 2006 and 
concluded that the change in activity levels was due to an increased awareness of the 
importance of physical activity. Hedstrom et al(24) postulated that this increase in fracture 
incidence between 1998 and 2007 is partly explained by increased physical activity levels.    
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The reasons for the increased fracture rate in boys may be  due to the fact that males 
are more involved in contact and high impact team sports than girls and tend to spend more 
time outdoors playing(22). Landin reported a fivefold increase in fracture rates caused by 
sports between 1950 and 1979 in Sweden and between the ages of 10 and 15 years, the 
incidence of sports-related injuries doubled in girls and more than tripled in boys(9). The 
Swedish Sports Council reported a 5% increase in participation in organised sports among 
teenagers between 1998 and 2005, and that children became more involved in organised sports 
at a younger age(24). The fact that more males sustained multiple fractures supports the 
evidence for sport or rougher playground scuffles playing a role in the increased fracture rate 
in males. There was a significant difference in the grading of trauma associated with fractures 
between white and black children suggesting that sport and physical activity play roles in the 
increased rate of fractures in the white group. Further analyses show that more males sustained 
a fracture due to sport-related activities than females and a higher percentage of whites 
sustained sport-related fractures compared to the black and mixed ancestry groups. Simon et al 
have also reported that sport related injuries occurred mainly in white boys during early to 
mid-puberty(19). Other studies support these findings and indicate that sport and play 
activities contribute to most of the paediatric fracture events(24;268;269). Play activities 
dominated as the activity resulting in fracture during the first decade of life whilst sport-
related fractures were predominant in teenagers(24;268).  
Data from the Bt20 longitudinal study indicate that there are lower physical activity 
levels in black than white children(245) which is probably related to the lack of organized 
sporting activities in schools attended mainly by black subjects and the poorer socio-economic 
status of the black families(254). McVeigh et al. also reported that white males at age 9 and 10 
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years in the Bt20 longitudinal study had the highest physical activity levels of all the ethnic 
and gender groups and that those white male children falling into the highest quartile of 
activity exhibited bone mass benefits at the whole body, total hip and lumbar spine sites(253).  
Despite the higher physical activity levels in white male than other children, black children 
still had a higher hip, mid-radial and lumbar spine (girls only) bone mass and similar values to 
their white peers at other sites(245;253). These findings support the hypothesis of a genetic 
protection against low bone mass and fracture in blacks. Fractures on average were reported to 
have occurred at a higher energy level in white children. This finding is unlikely to have been 
due to different interpretations of the questions by the various ethnic groups as a single 
researcher classified the degree of trauma resulting in fractures according to the answers given 
as to how the fractures happened. Further, a single interviewer helped with the questionnaires 
to eliminate the problem with language and interpretation of questions.   
 
Upper limb or radial fractures have been consistently reported to be the most common 
site of fracture in both sexes(2;6;9;21;23;24;266). My study confirms these findings in all the 
ethnic groups. The most common site was recorded as being the lower arm or wrist (29.7%) 
which has a similar prevalence to a Norwegian study (31.1% of fractures occurred at the distal 
radius)(266) and to a British study (almost 30% at the radius/ulna) (6). A similar percentage 
(53%) of upper limb fractures occurred in the non-dominant arm in both the Bt20 study and 
the Norwegian study(266). The 1950-1979 Swedish study by Landin(9) found no significant 
side preponderance for most fractures but a significant preponderance for left-sided fractures 
with a ratio of 1.3/1 (p<0.001) at the humerus, distal forearm and carpal-metacarpal sites and a 
right-sided preponderance for ankle fractures of 0.8/1 (p<0.05) which is similar to the Bt20 
study and to that of a study in Mumbai, India(270). It has been suggested that when the right 
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upper extremity is in use, the left assumes the protective role during injury(271) and that the 
less mature neuromuscular coordination of the non-dominant extremity may also be 
responsible for the slight increase in left sided preponderance (272).  
Peak age of fractures for both males and females found in the Bt20 study correlates 
with stages of pubertal growth and peak height velocities which are compatible with other 
studies(6;9;22-24;266). The differences in peak age between males and females reflect 
differences in the timing of maximal growth velocities and the relative decrease in bone 
mineral density, which is due to bone expansion associated with growth and insufficient 
mineralisation coinciding with the pubertal growth spurt and the peak incidence of 
fractures(30).   
 
Seasonal variations in fracture rates have been observed in some studies with more 
fractures occurring in the spring and summer months(24;222;266). We did not assess seasonal 
variation in the Bt20 cohort, as we felt that the retrospective nature of the study would 
introduce considerable error.  
Limitations of the study include the fact that the results for Indian children are 
unreliable due to very small number of subjects included in the cohort. Recall bias might be 
another limitation as the diagnosis of all fractures was based on recall by the subject and the 
parent or caregiver and was not confirmed with radiological assessments, however this was 
probably not a major factor in the study as at all ages the findings were consistent between the 
ethnic groups. The methodology used for year 15 fracture data collection was able to confirm 
the age, site and cause of previous fractures that had been recorded at year 13 and also 
collected information on new fractures occurring between 13 and 15 years. In addition, all 
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questionnaires had a skeletal diagram attached to confirm the site of fracture and the 
information was verified for accuracy and completeness by the parent or primary caregiver.   
The chances of a fracture not being diagnosed in the different ethnic groups are unlikely to 
have differed despite having access to different levels of health care as health care in the 
public sector is free for all children. Both public and private health facilities in urban areas 
would perform routine radiological assessments to confirm fractures. Further limitations are 
that there are currently no comparative analyses of potential fracture-associated risk factors, 
dietary intake of calcium or vitamin D and measurements of calcium homeostasis and vitamin 
D status between the ethnic groups.  
 
Summary of major findings 
Four hundred and forty one (22%) children had sustained a fracture one or more times during 
their lifetime (males 27.5% and females 16.3%; p<0.001). The percentage of fractures differed 
between the ethnic groups (W 41.5%, B 19%, MA 21%, I 30%; p<0.001). 
This is the first study to show ethnic differences in fracture rates among children. Greater 
sports participation in Whites and genetic protective factors in Blacks may be contributing factors. 
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CHAPTER 4 
 
Heterogeneity of fracture pathogenesis in urban South African children 
 
 
 
This chapter describes and discusses the results of my investigations into the 
associations between fracture prevalence for the first 15 years of life and bone mass, body 
composition and physical activity at ages 10 and 15 years in these children.  
 
Most of the findings and discussion in this chapter have been published in the following 
manuscript (appendix H): 
 
Thandrayen K, Norris SA, Micklesfield LK, Pettifor JM. Heterogeneity of fracture 
pathogenesis in urban South African children: the Birth to Twenty cohort. J Bone Miner 
Res. 2011 Dec;26(12):2834-42.  
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Results 
Fracture patterns in the Bone Health sub-cohort: 
Of the 533 subjects in the Bone Health cohort at 15 years of age, 186 (35%) were 
white (W) and 347 (65%) black (B). The total number of children who sustained fractures over 
the first 15 years of life was 130 (24%). In this cohort, the proportion of white children who 
reported a fracture in the first 15 years of life was 41.5% (n=78) compared to 15% (n=52) in 
black children (p<0.001). The overall fracture rate in the Bone Health cohort for the first 15 
years of life was 23 (95% CI 15.1-30.9) per 1000 children per annum. 
 
Sex differences in fractures: 
In the Bone Health cohort, the proportions of white males (WM) and females (WF), who had 
fractured, were significantly higher than for black males (BM) and females (BF), respectively 
(WM 47% vs BM 37%; p<0.001 and WF 18% vs BF 11%; p< 0.001) (Table 4.1). 
 
Table 4.1 Fracture rates over the first 15 years of life in the Bone Health Cohort 
Ethnic group 
Fracture rate per 1000 children per 
annum 
95% Confidence 
intervals 
White males 52.4
a
 28.3-76.5 
Black males 14.4 7.6-21.3 
White females 37.1
b
 24.6-49.5 
Black females 8.4 4.1-12.7 
a
 p < 0.01 between white and black males 
b
 p < 0.001 between white and black females 
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Sites of fractures: 
The fracture incidence rates for all sites (in the Bone Health cohort) except the lower 
limb were significantly higher in the white population (Figure 4.1).  The commonest site of 
fracture was the upper limb (48%). 
 
 
Figure 4.1 Fracture incidence rates per annum at the different fracture sites in white and black 
children 
 
Anthropometric and whole body composition characteristics at 10 and 15 years of age: 
Ethnicity (p<0.001) and sex (p = 0.024) were shown by logistic regression to be important 
predictors of fracture risk in the entire cohort (Table 4.2), thus further analyses were 
performed within the same sex and ethnic groups.  
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Table 4.2 Predictors of fracture risk at age 15 years in black and white children 
Fractures  
n = 533 
Adjusted 
odds ratio 
95% 
confidence interval 
Whites  4.24
 *
 2.79-6.45 
Males  1.62
 **
 1.06-2.47 
*p<0.001 **p=0.024 
 
Black children: 
Complete anthropometric and whole body composition measurements were available 
on 304 of the 347 black children with fracture data at mean age of 10.5 years and on 332 of 
the 347 children at mean age of 15.5 years. Of the black children with incomplete data at 10 
and 15 years of age, 7 of 43 (16%) and 2 of the 15 (13%) respectively had reported a fracture 
(proportions very similar to those with complete data, suggesting no selection bias in those 
used in the analyses).  
There were no statistically significant differences in anthropometry or body 
composition measurements at either age 10 or age 15 years between black children of the 
same sex with and without a history of fractures at age 15 years (Table 4.3). Using non-
fracturing black females as the reference group, black males with and without fractures at both 
10 years and 15 years had a lower fat mass (p<0.001) and at 15years had a greater lean mass 
(p<0.001) (Table 4.3). 
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Table 4.3 Anthropometric and body composition measurements at 10 and 15 years of age of black males and females with and 
without a history of fractures at 15 years of age           
 
Black females at 10 years Black females at 15 years Black males at 10 years Black males at 15 years 
Without 
fractures 
(n=128) 
With 
fractures 
(n=16) 
Without 
fractures 
(n=140) 
With 
fractures 
(n=17) 
Without 
fractures 
(n=131) 
With 
fractures 
(n=29) 
Without 
fractures 
(n=142) 
With 
fractures 
(n=33) 
Chronological 
age (yrs) 
10.5 (0.26) 10.5 (0.28) 15.6 (0.24) 15.5 (0.25) 10.6 (0.27) 10.5 (0.28) 15.6 (0.26) 15.5 (0.28) 
Bone age 
(yrs) 
9.9 (1.10) 9.8 (0.88) 14.7 (0.62) 14.7 (0.50) 9.9 (0.70) 9.9 (0.76) 14.8 (1.30) 14.73 (1.16) 
HAZ* Score  -0.41 (0.95) -0.67 (0.65) -0.48 (0.89) -0.52 (0.99) -0.52 (0.90) -0.41 (1.04) -0.13 (0.97) 0.04 (1.01) 
BAZ* score  0.16 (1.21) -0.28 (0.91) 0.60 (1.10) 0.16 (0.94) 0.07 (1.12) -0.11 (0.94) 0.02 (1.13) -0.14 (1.05) 
Lean mass  
Z score†  
0.00 (1.00) -0.46 (0.43) 0.00 (1.00) -0.37 (0.48) 0.02
 
(0.80) -0.08 (0.72) 1.51
1 
 (1.35) 1.38
1 
 (1.16) 
Fat mass 
 Z score†  
0.00 (1.00) -0.33 (0.53) 0.00 (1.00) -0.29 (0.49) -0.52
1 
(0.82) -0.61
1 
(0.48) -1.06
1 
(0.93) -1.09
1 
(0.79) 
Data presented as mean (SD). There were no significant differences within the same sex and age groups; HAZ - height age Z-score; BAZ - BMI age Z score; 
*Computed using WHO Anthroplus software  
† The Z score of lean and fat masses of each ethnic and sex group was derived from the values obtained from the black non-fracturing females. 
1
p<0.001 significant differences in lean and fat mass Z scores comparing non-fracturing black females to other ethnic and sex groups 
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White children: 
Complete anthropometric and whole body composition measurements were available 
from 101 of the 186 white children with fracture data at a mean age of 10.6 years and from 
116 of the 186 white children at a mean age of 15.7 years. The major reason for the lack of 
complete data at the two time points was an unwillingness of parents or children to take time 
off from school for the DXA and radiological studies. Thirty four of the 85 white children 
(40%) at age 10 years and 34 of the 70 (48.5%) at age 15 years with incomplete data had 
reported a fracture (proportions very similar to those with complete data, suggesting no 
selection bias in those used in the analyses).  
Comparing children of the same sex with and without fractures, white males who had 
fractured in the first 15 years of life were significantly taller (p<0.01) and had a higher lean 
body mass (p=0.01) at the age of 10 years, and at age 15 years (p<0.001) compared to their 
non-fracturing peers (Table 4.4). White males at 15 years with fractures had a slightly greater 
bone age compared to those without fractures (p=0.05) but Tanner staging for genital 
assessment and pubic hair was not significantly different between the two groups. White 
females who had fractured similarly had a higher lean body mass at age 15 (p < 0.05) but also 
had a higher BMI at age 10 (p=0.05) and 15 years (p<0.05) compared to the white females 
who had not fractured (Table 4.4). 
Comparing body mass variables of the different ethnic and sex groups with those of 
non-fracturing black females, white males at ages 10 and 15 years and white females at 15 
years had a greater lean mass (Table 4.4). 
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 Table 4.4 Anthropometric and body composition measurements at 10 and 15 years of age of white males and females with and 
without a history of fractures at 15 years of age           
 
White females at 10 years White females at 15 years White males at 10 years White males at 15 years 
Without 
fractures 
(n=28) 
With 
fractures 
(n=20) 
Without 
fractures 
(n=44) 
With 
fractures 
(n=19) 
Without 
fractures 
(n=29) 
With 
fractures 
(n=24) 
Without 
fractures 
(n=30) 
With 
fractures 
(n=23) 
Chronological 
age (yrs) 
10.6 (0.27) 10.6(0.27) 15.7(0.28) 15.7 (0.26) 10.6 (0.22) 10.7 (0.25) 15.7 (0.24) 15.7 (0.25) 
Bone age (yrs) 10.0 (1.24) 10.2(1.26) 14.6(0.71) 14.8 (0.48) 10.1 (0.66) 10.2 (0.72) 15.3
a
 (1.06) 15.8 (0.86) 
HAZ Score*  0.17 (1.16) 0.20(1.17) 0.51(1.03) 0.25(1.01) -0.08
 b
 (1.15) 0.88 (1.11) 0.43 (1.11) 0.90 (1.08) 
BAZ score*  -0.12
 a
 (1.06) 0.52(1.11) 0.13
 a
(0.94) 0.73(1.07) 0.01 (0.86) 0.29 (1.06) 0.02 (0.76) 0.49 (1.02) 
Lean mass  
Z score†  
0.34 (1.04) 0.63
2
(1.15) 0.51
 a1
(0.96) 1.18
3 
(1.30) 0.36
b1
 (0.83) 1.12
3
(0.77) 2.78
 c3 
 (1.60) 4.05
3 
(1.51) 
Fat mass 
 Z score†  
-0.14
1
 (0.77) 0.27
3
(0.90) -0.27(0.71) 0.15(1.17) -0.53
2
 (0.50) -0.28 (0.66) -1.09
3 
 (0.78) 0.87
3 
(0.75) 
Data presented as mean (SD); significant differences within the same sex and age groups 
a
 p≤0.05, b p<0.01, c p<0.001; HAZ - Height age Z score; BAZ - 
BMI age Z score; *Computed using WHO Anthroplus software  
† The Z score of lean and fat masses of each ethnic and sex groups was derived by comparing values with those of  the black non-fracturing females.  
1
 p<0.05, 
2
 p< 0.01,
 3 
p<0.001 significant differences in lean and fat mass Z scores comparing non-fracturing black females to other ethnic and sex groups. 
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Associations between fractures, bone mass characteristics and physical activity: 
 
Unadjusted BA and BMC at 10 and 15 years were compared within the same sex and 
ethnic group between those who did and did not report a fracture during the first 15 years of 
life (Tables 4.5.1 - 4.5.4).  
White males who reported a previous fracture/s during the first 15 years of life had 
greater BA and BMC at age 10 years (BA at all sites and BMC at the TBLH, R (except 1/3 
radius), HN and LS sites (Table 4.5.1)), and at 15 years (BA greater at the TBLH, total hip and 
LS, and BMC higher at TBLH, R (except 1/3 radius), total hip, HN and LS at 15 years (Table 
4.5.1 )). 
There were no significant differences in either BA or BMC (unadjusted) at age 10 or 
15 years in black or white females or in black males between those who did or did not fracture 
at age 10 and 15 years (Tables 4.5.2 – 4.5.4).    
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Table 4.5.1 Unadjusted bone area and bone mineral content measurements in white males at 
10 and 15 years of age with and without a history of fractures at age 15 years  
 
Bone area= BA; bone mineral content=BMC; total body less head=TBLH; R=radius; H=total 
hip; HN=Hip neck; lumbar spine=LS. Significant differences within the same sex and age 
group: 
a 
p<0.05, 
b
p<0.01. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
White males 
Bone mass 
measurements 
10 years 15 years 
Without 
fractures 
(n = 29) 
With 
fractures 
(n = 24) 
Without 
fractures 
(n = 30) 
With 
fractures 
(n = 23) 
TBLH BA  1050
 b
  (142) 1171 (137) 1857
 b
  (197) 1989 (188) 
R 1/3 BA  2.38 a  (0.17) 2.41 (0.19) 2.81 (0.43) 2.90 (0.27) 
R Mid BA  4.27
 b
  (0.79) 4.88 (0.70) 8.58 (1.61) 9.32 (1.47) 
R Ultra Distal BA  2.62
 b
  (0.28) 2.82 (0.24) 3.89 (0.39) 4.11 (0.44) 
R Total BA 9.17
 b
  (1.18) 10.11 (0.99) 15.28 (2.25) 15.60 (3.67) 
H BA 21.57 a  (2.90) 23.27 (2.29) 39.27
 b
  (4.10) 42.15 (3.71) 
HN BA  4.26 a  (0.36) 4.43 (0.30) 5.44 (0.37) 5.50 (0.38) 
 LS  BA  45.23
 b
  (5.01) 48.54 (4.69) 62.53 a  (6.96) 66.35 (5.98) 
TBLH BMC 745 a  (131) 847 (130) 1840
 b
  (324) 2064 (363) 
R 1/3 BMC 1.13 (0.13) 1.18 (0.10) 1.89 (0.31) 1.99 (0.29) 
R Mid BMC 1.77
 b
  (0.36) 2.02 (0.34) 4.52
 a
  (1.01) 5.19 (1.05) 
R Ultra Distal BMC 0.75
 b
  (0.10) 0.84 (0.10) 1.51
 b
  (0.29) 1.72 (0.37) 
 R Total BMC 3.66 a  (0.57) 4.05 (0.52) 7.93 (1.48) 8.52 (2.42) 
H BMC 15.68 (2.93) 17.09 (2.37) 38.65
 b
  (7.39) 44.05 (8.75) 
HN BMC 2.95 a  (0.42) 3.19 (0.37) 4.83 a  (0.67) 5.29 (0.89) 
LS  BMC  25.84 a  (4.51) 29.03 (4.04) 57.44 a  (13.17) 62.68 (10.11) 
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Table 4.5.2 Unadjusted bone area and bone mineral content measurements in white females at 
10 and 15 years of age with and without a history of fractures at age 15 years  
 
 
 
Bone area= BA; bone mineral content=BMC; total body less head=TBLH; R=radius; H=total 
hip; HN=Hip neck; lumbar spine=LS.  
White females 
Bone mass 
measurements 
10 years 15 years 
Without 
fractures 
(n = 28) 
With 
fractures 
(n = 20) 
Without 
fractures 
(n = 45) 
With 
fractures 
(n = 19) 
 TBLH BA  1116 (191) 1128 (184) 1693 (156) 1725 (169) 
R 1/3 BA  2.20 (0.23) 2.23 (0.19) 2.59 (0.25) 2.54 (0.17) 
R Mid BA  4.39 (0.83) 4.48 (0.84) 6.99 (1.11) 7.28 (1.05) 
R Ultra Distal BA  2.64 (0.25) 2.57 (0.30) 3.46 (0.39) 3.50 (0.32) 
 R Total BA 9.20 (1.26) 9.28 (1.22) 12.94 (1.62) 13.32 (1.39) 
H BA 23.31 (3.37) 23.98 (3.57) 31.08 (3.72) 32.88 (4.12) 
HN BA  4.20 (0.29) 4.24 (0.30) 4.85 (0.38) 4.90 (0.36) 
 LS  BA  45.10 (4.69) 43.55 (3.95) 56.96 (5.27) 55.19 (4.47) 
TBLH BMC 798 (197) 800 (161) 1569 (229) 1614 (219) 
R 1/3 BMC 1.08 (0.16) 1.07 (0.13) 1.62 (0.21) 1.65 (0.13) 
R Mid BMC 1.75 (0.40) 1.83 (0.38) 3.72 (0.70) 3.98 (0.67) 
R Ultra Distal BMC 0.74 (0.11) 0.74 (0.10) 1.31 (0.23) 1.38 (0.19) 
 R Total BMC 3.56 (0.63) 3.64 (0.57) 6.65 (1.06) 7.01 (0.92 
H BMC 15.75 (3.94) 16.26 (3.25) 28.29 (5.11) 29.73 (5.55) 
HN BMC 2.74 (0.54) 2.80 (0.32) 3.96 (0.56) 4.11 (0.65) 
LS  BMC  26.58 (6.11) 25.41 (4.67) 52.08 (9.18) 51.38 (9.02) 
103 
 
Table 4.5.3 Unadjusted bone area and bone mineral content measurements in black males at 
10 and 15 years of age with and without a history of fractures at age 15 years  
 
 
 
Bone area= BA; bone mineral content=BMC; total body less head=TBLH; R=radius; H=total 
hip; HN=Hip neck; lumbar spine=LS. 
  
Black males 
Bone mass 
measurements 
10 years 15 years 
Without 
fractures 
(n = 131) 
With 
fractures 
(n = 29) 
Without 
fractures 
(n = 145 ) 
With 
fractures 
(n = 33) 
TBLH BA  1015 (138) 986 (133) 1714 (195) 1701 (191) 
R 1/3 BA  2.30 (0.21) 2.35 (0.24) 2.77 (0.28) 2.84 (0.36) 
R Mid BA  4.47 (0.82) 4.55 (0.78) 8.42 (1.42) 8.83 (1.64) 
R Ultra Distal BA  2.57 (0.28) 2.65 (0.27) 3.68 (0.40) 3.83 (0.43) 
 R Total BA 9.34 (1.19) 9.55 (1.18) 14.8 (2.21) 15.51 (2.37) 
H BA 20.38 (2.33) 20.23 (2.64) 35.03 (4.63) 35.04 (5.11) 
HN BA  4.13 (0.31) 4.18 (0.30) 5.16 (0.38) 5.21 (0.51) 
 LS  BA  42.63 (4.10) 43.99 (5.14) 56.72 (6.56) 57.80 (8.70) 
TBLH BMC 722 (126) 688 (131) 1614 (290) 1565 (297) 
R 1/3 BMC 1.09 (0.12) 1.07 (0.16) 1.73 (0.21) 1.71 (0.26) 
R Mid BMC 1.76 (0.34) 1.72 (0.38) 4.10 (0.90) 4.13 (1.02) 
R Ultra Distal BMC 0.76 (0.12) 0.75 (0.16) 1.34 (0.28) 1.33 (0.35) 
 R Total BMC 3.61 (0.53) 3.54 (0.66) 7.13 (1.48) 7.17 (1.62) 
H BMC 15.67 (2.50) 14.61 (2.67) 34.05 (7.46) 31.99 (6.63) 
HN BMC 3.09 (0.37) 2.98 (0.42) 4.55 (0.77) 4.37 (0.79) 
LS  BMC  23.45 (3.59) 23.59 (4.49) 45.70 (9.84) 45.25 (11.38) 
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Table 4.5.4 Unadjusted bone area and bone mineral content measurements in black females at 
10 and 15 years of age with and without a history of fractures at age 15 years  
 
 
Bone area= BA; bone mineral content=BMC; total body less head=TBLH; R=radius; H=total 
hip; HN=Hip neck; lumbar spine=LS. 
 
TBLH BA and TBLH BMC Z scores adjusted for height and weight at 10 and 15 years of age 
were compared between the non-fracturing black female controls and the other sex and ethnic 
groups; and within the same sex and ethnic groups for those who did and did not report a 
fracture during the first 15 years of life (Tables 4.6 and 4.7).  
 
 
 
Black females 
Bone mass 
measurements 
10 years 15 years 
Without 
fractures 
(n = 128) 
With 
fractures 
(n = 16) 
Without 
fractures 
(n = 140) 
With 
fractures 
(n = 19) 
TBLH BA  1051 (173) 1002 (96) 1620 (157) 1594 (108) 
R 1/3 BA  2.18 (0.21) 2.16 (0.19) 2.52 (0.23) 2.51 (0.25) 
R Mid BA  4.37 (0.88) 4.28 (0.67) 7.03 (1.04) 7.04 (1.31) 
R Ultra Distal BA  2.54 (0.27) 2.59 (0.23) 3.40 (0.37) 3.40 (0.37) 
R Total BA 9.10 (1.27) 9.03 (0.97) 12.88 (1.76) 12.44 (1.82) 
H BA 20.69 (2.62) 20.29 (2.34) 28.29 (2.93) 28.75 (2.79) 
HN BA  4.06 (0.31) 4.01 (0.26) 4.68 (0.35) 4.64 (0.35) 
LS  BA  43.18 (4.44) 41.95 (3.53) 53.58 (4.99) 52.31 (4.58) 
TBLH BMC 744 (170) 689 (101) 1485 (227) 1427 (174) 
R 1/3 BMC 1.04 (0.15) 1.00 (0.15) 1.57 (0.19) 1.56 (0.22) 
R Mid BMC 1.69 (0.43) 1.59 (0.32) 3.61 (0.68) 3.45 (0.68) 
R Ultra Distal BMC 0.69 (0.12) 0.67 (0.09) 1.30 (0.21) 1.18 (0.18) 
 R Total BMC 3.43 (0.66) 3.26 (0.80) 6.44 (1.14) 6.18 (1.03) 
H BMC 14.61 (3.11) 13.95 (2.40) 25.94 (4.44) 25.62 (3.22) 
HN BMC 2.78 (0.43) 2.72 (0.29) 4.03 (0.58) 3.96 (0.46) 
LS  BMC  25.56 (5.37) 23.47 (4.12) 49.16 (7.99) 45.93 (5.91) 
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Table 4.6 Bone area and bone mineral content Z scores (adjusted for height and weight) at 10 
years of age with and without a history of fractures at age 15 years  
Bone area= BA; bone mineral content=BMC; total body less head=TBLH; R=radius; H=total 
hip; HN=Hip neck; lumbar spine=LS. Data presented as mean (SD); significant differences 
within the same sex and age group 
a 
p<0.05, 
b
p<0.01, 
c 
p<0.001. Significant differences 
between white males with and without fractures are bolded. 
1
 p<0.05, 
2
 p< 0.01,
 3 
p<0.001 significant differences in BA and BMC Z scores comparing non-
fracturing black females to fracturing and non-fracturing white males, white females, and 
black males 
 
 
                                             
Bone mass 
measurements 
( Z scores) 
Females at 10 years Males at 10 years 
Blacks Whites Blacks Whites 
Without 
fractures 
(n = 128) 
With 
fractures 
(n = 16) 
Without 
fractures 
(n = 28) 
With 
fractures 
(n = 19) 
Without 
fractures 
(n = 130) 
With 
fractures 
(n = 29) 
Without 
fractures 
(n = 29 ) 
With 
fractures 
(n = 24) 
TBLH BA  
0.00
 
  
(1.00) 
-0.36 
(0.52) 
0.32
  
(1.01)
 
0.59
1
 
(1.14) 
-0.30
2 
(0.88) 
-0.33 
(0.72 
0.11
b 
(0.93) 
0.78
3
 
(0.79) 
R 1/3 BA  
0.00
 
  
(1.00) 
-0.33 
(0.53) 
0.45
1  
(1.07) 
0.63
2
 
(1.19) 
-0.31
2 
(0.92) 
-0.30 
(0.84) 
0.21
 b 
(1.02) 
0.95
3
 
(0.90) 
R Mid BA  
0.00
 
  
(1.00) 
-0.30 
(0.55) 
0.54
2  
(1.11) 
0.65
2
 
(1.21) 
-0.32
1 
(0.94) 
-0.28 
(0.92) 
0.27
 b 
(1.06) 
1.05
3
 
(0.97) 
R Ultra Distal 
BA  
0.00
 
  
(1.00) 
-0.28 
(0.57) 
0.59
2
 
(1.13) 
0.66
2
 
(1.22) 
-0.32
1 
(0.96) 
-0.26 
(0.98) 
0.31
 b 
(1.09) 
1.11
3
 
(1.02) 
 R Total BA 
0.00
 
  
(1.00) 
-0.30 
(0.55) 
0.54
2
 
(1.11) 
0.65
2
 
(1.21) 
-0.32
1 
(0.94) 
-0.28 
(0.93) 
0.27
 b 
(1.06) 
1.05
3
 
(0.97) 
H BA 
0.00
 
  
(1.00) 
-0.26 
(0.59) 
0.63
2
 
(1.15) 
0.66
2
 
(1.22) 
-0.31
1 
(0.97) 
-0.25 
(1.01) 
0.33
 b
 
(1.11) 
1.15
3
  
(1.06) 
HN BA  
0.00
 
  
(1.00) 
-0.31 
(0.54) 
0.50
1
 
(1.10) 
0.65
2
 
(1.20) 
-0.32
2 
(0.93) 
-0.29 
(0.89) 
0.24
 b
 
(1.04) 
1.01
3
 
(0.94) 
 LS  BA  
0.00
 
  
(1.00) 
-0.21 
(0.64) 
0.69
2
 
(1.16) 
0.66
2
 
(1.21) 
-0.30
1 
(1.00) 
-0.21 
(1.09) 
0.39
 b
 
(1.13) 
1.22
3
 
(1.13) 
TBLH BMC 0.00
 
  
(1.00) 
-0.36 
(0.53) 
0.31
  
(1.00) 
0.58
1
 
(1.14) 
-0.30
2 
(0.87) 
-0.33 
(0.71) 
0.10
 b
 
(0.92) 
0.76
3
 
(0.78) 
R 1/3 BMC 0.00
 
  
(1.00) 
-0.35 
(0.52) 
0.38
 
  
(1.04) 
0.61
2
 
(1.17) 
-0.31
2 
(0.89) 
-0.32 
(0.77) 
0.15
 b
 
(0.96) 
0.85
3
 
(0.83) 
R Mid BMC 0.00
 
  
(1.00) 
-0.33 
(0.53) 
0.45
1
 
(1.08) 
0.63
2
 
(1.19) 
-0.31
2 
(0.92) 
-0.31 
(0.84) 
0.20
 b
 
(1.02) 
0.95
3
 
(0.89) 
R Ultra Distal 
BMC 
0.00
 
  
(1.00) 
-0.36 
(0.53) 
0.29 
(1.00) 
0.57
1
 
(1.13) 
-0.30
2 
(0.87) 
-0.33 
(0.70) 
0.09
 a
 
(0.91) 
0.75
3
 
(0.78) 
 R Total BMC 0.00
 
  
(1.00) 
-0.34 
(0.53) 
0.41
1
 
(1.06) 
0.62
2
 
(1.18) 
-0.31
2 
(0.90) 
-0.31 
(0.81) 
0.18
 b
 
(0.99) 
0.90
3
 
(0.86) 
H BMC 0.00
 
  
(1.00) 
-0.33 
(0.53) 
0.45
1
 
(1.07) 
0.63
2
 
(1.19) 
-0.31
2 
(0.91) 
-0.30 
(0.83) 
0.20
 b
 
(1.01) 
0.94
3
 
(0.89) 
HN BMC 0.00
 
  
(1.00) 
-0.37 
(0.53) 
0.26 
(0.99) 
0.56
1
 
(1.12) 
-0.29
2 
(0.86) 
-0.34 
(0.68) 
0.07
 a
 
(0.89) 
0.70
3
 
(0.76) 
LS  BMC  0.00
 
  
(1.00) 
-0.31 
(0.54) 
0.50
1
 
(1.10) 
0.64
2
 
(1.21) 
-0.32
2 
(0.93) 
-0.30 
(0.88) 
0.24
 b
 
(1.04) 
1.00
3
 
(0.93) 
106 
 
 
Table 4.7 Bone area and bone mineral content Z scores (adjusted for height and weight) at 15 
years of age with and without a history of fractures at age 15 years 
Bone area= BA; bone mineral content=BMC; total body less head=TBLH; R=radius; H=total 
hip; HN=Hip neck; lumbar spine=LS.  Data presented as mean (SD); significant differences 
within the same sex and age group 
a 
p<0.05, 
b
p<0.01, 
c 
p<0.001 
1
 p<0.05 for all BA and BMC Z scores between non-fracturing black females and white 
females with and without fractures 
2
 p< 0.01 for all BA and BMC Z scores between non-fracturing black females and black males 
with and without fractures except for the RA ultra distal BMC Z score in black males with 
fractures 
3 
p<0.001 for all BA and BMC Z scores between non-fracturing black females and white 
males with and without fractures
 
                                             
Bone mass 
measurements 
(Z scores) 
Females at 15 years Males at 15 years 
Blacks Whites
1
 Blacks
2
 Whites
3
 
Without 
fractures 
(n = 147) 
With 
fractures 
(n = 19) 
Without 
fractures 
(n = 45) 
With 
fractures 
(n = 20) 
Without 
fractures 
(n = 146) 
With 
fractures 
(n = 33) 
Without 
fractures 
(n = 30 ) 
With 
fractures 
(n = 25) 
 TBLH BA  
0.00
 
  
(1.00) 
-0.20 
(0.65) 
0.60 
(0.92) 
0.90 
(1.23) 
0.64 
(1.13) 
0.72 
(0.94) 
1.61
 b
 
(1.13) 
2.43 
(1.01) 
R 1/3 BA  
0.00
 
  
(1.00) 
-0.01 
(1.02) 
1.03 
(1.02) 
1.05 
 (1.25 
1.19 
(1.19) 
1.38 
(1.25) 
2.33
 b
 
(1.23) 
3.12 
(1.21) 
R Mid BA  
0.00
 
  
(1.00) 
-0.04 
(0.98) 
0.99 
(1.01) 
1.05 
(1.26) 
1.14 
(1.19) 
1.31 
(1.22) 
2.27
 b
 
(1.23) 
3.08 
(1.19) 
R Ultra Distal 
BA  
0.00
 
  
(1.00) 
-0.08 
(0.90) 
0.92 
(1.00) 
1.03 
(1.26) 
1.04 
(1.19) 
1.20 
(1.16) 
2.16
 b
 
(1.22) 
2.98 
(1.16) 
 R Total BA 
0.00
 
  
(1.00) 
-0.04 
(0.97) 
0.99 
(1.01) 
1.05 
(1.26) 
1.13 
(1.19) 
1.30 
(1.22) 
2.26
 b
 
(1.23) 
3.07 
(1.19) 
H BA 
0.00
 
  
(1.00) 
0.04 
(1.10) 
1.10 
(1.03) 
1.05 
(1.23) 
1.29 
(1.19) 
1.49 
(1.30) 
2.41
 a
 
(1.22) 
3.16 
(1.23) 
HN BA  
0.00
 
  
(1.00) 
-0.04 
(0.97) 
0.99 
(1.01) 
1.05 
(1.26) 
1.13 
(1.19) 
1.31 
(1.22) 
2.26
 b
 
(1.23) 
3.07 
(1.19) 
 LS  BA  
0.00
 
  
(1.00) 
0.02 
(1.07) 
1.08 
(1.03) 
1.05 
(1.24) 
1.26 
(1.19) 
1.46 
(1.29) 
2.39
 a
 
(1.22) 
3.15 
(1.23) 
TBLH BMC 0.00
 
  
(1.00) 
-0.21 
(0.61) 
0.55 
(0.91) 
0.87 
(1.22) 
0.58 
(1.12) 
0.65 
(0.91) 
1.52
 b
 
(1.11) 
2.33 
(0.99) 
R 1/3 BMC 0.00
 
  
(1.00) 
-0.12 
(0.81) 
0.81 
(0.97) 
0.99 
(1.26) 
0.91 
(1.17) 
1.03 
(1.09) 
1.99
 b
 
(1.20) 
2.82 
(1.11) 
R Mid BMC 0.00
 
  
(1.00) 
-0.16 
(0.74) 
0.72 
(0.95) 
0.96 
(1.25) 
0.80 
(1.16) 
0.91 
(1.03) 
1.84
 b
 
(1.17) 
2.67 
(1.07) 
R Ultra Distal 
BMC 
0.00
 
  
(1.00) 
-0.27 
(0.52) 
0.35 
(0.86) 
0.74 
(1.18) 
0.33 
(1.07) 
0.35 
(0.80) 
1.13
 b
 
(1.03) 
1.89 
(0.90) 
 R Total BMC 0.00
 
  
(1.00) 
-0.18 
(0.69) 
0.66 
(0.93) 
0.93 
(1.24) 
0.72 
(1.14) 
0.81 
(0.98) 
1.72
 b
 
(1.15) 
2.54 
(1.04) 
H BMC 0.00
 
  
(1.00) 
-0.11 
(0.85) 
0.85 
(0.98) 
1.01 
(1.26) 
0.96 
(1.18) 
1.10 
(1.11) 
2.06
 b
 
(1.20) 
2.89 
(1.13) 
HN BMC 0.00
 
  
(1.00) 
-0.22 
(0.61) 
0.55 
(0.91) 
0.87 
(1.22) 
0.57 
(1.11) 
0.64 
(0.91) 
1.51
 b
 
(1.11) 
2.32 
(0.99) 
LS  BMC  0.00
 
  
(1.00) 
-0.23 
(0.58) 
0.50 
(0.89) 
0.84 
(1.21) 
0.51 
(1.10) 
0.57 
(0.88) 
1.42
 b
 
(1.10) 
2.21 
(0.96) 
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Comparing the same ethnic and sex groups with and without fractures, white males 
who reported a previous fracture/s during the first 15 years of life had greater BA and BMC at 
all sites at ages 10 years (table 4.6), and 15 years (table 4.7) than their non-fracturing peers. 
There were no significant differences in either BA or BMC at age 10 or 15 years in black or 
white females or in black males at age 10 and 15 years between those who did or did not 
fracture (tables 4.6 and 4.7).  
Comparing bone mass variables (adjusted for differences in height and weight) of the 
different ethnic and sex groups with those of non-fracturing black females, white males with 
fractures and white females with and without fractures at 10 years had greater BA and BMC at 
most sites and black males without fracture had lower BA and BMC at all sites (table 4.6). 
The number of black females with fractures was too small to make a meaningful comparison. 
At 15 years, all groups of white males and females and black males had greater BA and BMC 
compared to the non-fracturing black female controls (table 4.7). 
 
Table 4.8 compares total physical activity Z scores (combining formal and informal activities) 
at ages 10 and 15 years between children with and without a history of fractures over the first 
15 years.   
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Table 4.8 Total physical activity Z scores at 10 and 15 years in children with and without a history of fractures at age 15 years 
compared to non-fracturing black females 
 
Physical activity Z scores 
10 years 15 years 
Without fractures With fractures Without fractures With fractures 
n Total Formal Informal n Total Formal Informal n Total Formal Informal n Total Formal Informal 
Black 
females 
136 
0.0 
(-0.6- 0.4) 
-0.5 
(-0.6- 0.3) 
0.0 
(-0.7- 0.4) 
16 
0.2 
(-0.4- 0.4) 
0.0 
(-0.6-0.5) 
0.0 
(-0.7-0.4) 
145 
-0.3 
(-0.6- 0.1) 
-0.4 
(-0.4- -0.1) 
-0.4 
(-0.6- 0.1) 
18 
-0.2 
(-0.6- 0.3) 
-0.4 
(-0.4- 0.1) 
-0.3 
(-0.6- -0.1) 
White 
females 
28 
-0.8 
(-1.3 - -0.5) 
0.4 
(-0.6 – 3.0) 
-1.1 
(-1.3 – -0.8) 
20 
-0.8 
(-1.2- -0.5) 
0.8 
(-0.0 – 2.1) 
-1.1 
(-1.3- -0.8) 
38 
0.0 
(-0.6 – 1.1) 
0.8 
(-0.1 – 2.5) 
-0.5 
(-0.6- 0.0) 
18 
-0.3 
(-0.5 – 1.0) 
0.2 
(-0.2 – 1.7) 
-0.4 
(-0.6 – 0.3) 
Black 
males 
129 
0.2 
(-0.3- 0.8) 
-0.3 
(-0.6- 1.7) 
0.1 
(-0.3 – 0.6) 
31 
0.2 
(-0.2- 1.0) 
0.1 
(-0.6 -1.1) 
0.1 
(-0.3- 0.6) 
140 
0.1 
(-0.4- 0.9) 
0.01 
(-0.4 – 1.1) 
-0.1 
(-0.5 – 0.3) 
32 
0.2 
(-0.2- 0.9) 
0.6 
(-0.4- 1.5) 
-0.3 
(-0.6- 0.5) 
White 
males 
23 
-0.7 
(-1.0 - 0.4) 
0.8 a 
(-0.2-2.2) 
-0.7 
(-1.2- -0.1) 
20 
-0.5 
(-0.9- -0.2) 
1.7 
(0.5-3.8) 
-0.7 
(-1.2- -0.1) 
24 
0.0 a 
(-0.5 - 0.6) 
0.2 b 
(-0.3 - 0.9) 
-0.2 
(-0.4 – 0.6) 
22 
0.8 
(0.0 – 2.1) 
1.6 
(0.6 – 3.8) 
0.0 
(-0.4 – 0.4) 
Data presented as median (interquartile range); significant differences between those with and without fractures (bolded values) 
within the same sex and age groups 
a 
p<0.05, 
b
p<0.01 
 Each of the physical activity components of the black non-fracturing females was used as the control to create Z scores for the other 
sex and ethnic groups. 
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White males who reported a fracture during the first 15 years of life participated in 
more physical activity at age 10 years (formal only; p <0.05) and at 15 years (total and 
informal; p <0.05 and p< 0.01 respectively) compared to white males with no fracture history. 
Fracture risk was positively associated with physical activity; at age 15 years for every 1 SD 
increase in formal physical activity (Z score of METmins/wk) the odds ratio for fracturing was 
2.2 (95% CI 1.22-3.97 p < 0.01) and for every 1 SD increase in total physical activity (Z score 
METmins/wk) the odds ratio for fracturing was 1.78 (95% CI 1.06-3.00 p < 0.05).  There was 
no significant difference in physical activity at age 10 or 15 years in black or white females or 
in black males between those who did or did not report a previous fracture.  
 
Associations between body mass index, fracture risk and bone mass 
There were no significant differences in the number of obese or overweight children 
within sex groups between the two ethnic groups at ages 10 and 15 years (table 4.9). 
Table 4.9 Percentage of obese and overweight children at ages 10 and 15 years in the Bone 
Health Cohort 
 
Obese or overweight at 
10 years 
% (n) 
Obese or overweight  at 
15 years 
% (n) 
Black females 21 (30) 32 (50) 
White females 28 (13) 27 (17) 
Black males 16 (26) 16 (27) 
White males 21 (11) 18 (9) 
 
Of the 17 obese/overweight white females, 53% (10) had sustained one or more fractures 
(Table 4.10). There were no differences in the other obese/overweight ethnic and sex groups 
when comparing those with and without fractures. 
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Table 4.10 The proportions of children with overweight or obesity at 10 and 15 years in those 
that have or have not fractured at age 15 years. 
 
10 years 15 years 
With 
fractures 
n (%) 
Without 
fractures 
n (%) 
With 
fractures 
n (%) 
Without 
fractures 
n (%) 
Black females 2/16 (13) 28/128(22) 3/17 (18) 47/139 (34) 
White 
females 
8/19 (42) 5/28(18) 10/19 (53) * 7/43 (16) 
Black males 3/29 (10) 23/130 (18) 4/53 (12) 23/140 (16) 
White males 7/24 (29) 4/29 (14) 6/22 (27) 3/29 (10) 
 *p<0.01 
 
Bone area and bone mineral content were greater at nearly all sites in obese/overweight 
children at 10 years compared to their non-obese peers in all ethnic and sex groups (Tables 
4.11.1 and 4.11.2). At 15 years of age, TBLH BA was increased in all ethnic and sex groups 
with obesity/overweight except in the white males compared to their non-obese peers and 
BMC was increased at all sites in the obese/overweight children except at most sites in the 
white obese/overweight males compared to their non-obese peers (Tables 4.11.1 and 4.11.2). 
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Table 4.11.1 Bone area and bone mineral content Z scores (adjusted for height and weight) at 
10 and 15 years of age comparing obese with non-obese females 
 
Bone area= BA; bone mineral content=BMC; total body less head=TBLH;  
R=radius;H=total hip; HN=Hip neck; lumbar spine=LS.  Data presented as mean (SD); 
significant differences within the same sex and age group 
a 
p<0.05, 
b
p<0.01, 
c 
p<0.001. 
Each of the bone mass measurements of the black non-fracturing females were used as 
the control to create Z scores for the other sex and ethnic groups. 
 
 
 
 
 
 
                                             
Bone mass 
measurements 
( Z scores) 
Females at 10 years Females at 15 years 
Blacks Whites Blacks Whites 
Obese 
(n = 30) 
Non-
obese 
(n = 109) 
Obese 
(n = 13) 
Non-
obese 
(n = 33) 
Obese 
(n = 50) 
Non-
obese 
(n = 106) 
Obese 
(n = 17) 
Non-
obese 
(n = 45) 
 TBLH BA  
1.09 
(0.86)
 c
 
-0.28 
(0.71) 
1.59 
(0.75)
c
 
-0.01 
(0.81) 
0.56 
(0.99)
 c
 
-0.29 
(0.80) 
1.33  
(0.94)
 c
 
0.40 
(0.89) 
R 1/3 BA  
0.91 
(0.91)
 c
 
-0.23 
(0.79) 
1.03 
(0.90)
 c
 
0.11 
(0.90) 
0.04 
(1.06) 
0.01 
(0.96) 
1.18 
(1.06) 
0.90 
(1.03) 
R Mid BA  
0.77 
(0.96)
 c
 
-0.20 
(0.84) 
1.62 
(0.99)
 c
 
0.18 
(0.95) 
0.12 
(1.06) 
-0.03 
(0.95) 
1.21 
(1.05) 
0.85 
(1.02) 
R Ultra Distal 
BA  
0.66 
(0.99)
 c
 
-0.17 
(0.87) 
1.60 
(1.04)
 c
 
0.23 
(0.99) 
0.23 
(1.05) 
-0.09 
(0.93) 
1.27 
(1.04) 
0.76 
(1.00) 
 R Total BA 
0.76 
(0.96)
 c
 
-0.20 
(0.84) 
1.62 
(0.99)
 c
 
0.19 
(0.95) 
0.13 
(1.06) 
-0.04 
(0.94) 
1.22 
(1.05) 
0.84 
(1.01) 
H BA 
0.57 
(1.01)
 c
 
-0.15 
(0.89) 
1.58 
(1.08)
 c
 
0.27 
(1.01) 
-0.11 
(1.04) 
0.09 
(0.97) 
1.08 
(1.06) 
1.00 
(1.03) 
HN BA  
0.83 
(0.94)
 c
 
-0.22 
(0.82) 
1.63 
(0.96)
 c
 
0.15 
(0.93) 
0.13 
(1.06) 
-0.04 
(0.95) 
1.22 
(1.05) 
0.84 
(1.02) 
 LS  BA  
0.38 
(1.06)
 a
 
-0.10 
(0.92) 
1.50 
(1.15)
 c
 
0.35 
(1.04) 
-0.06 
(1.05) 
0.06 
(0.97) 
1.11 
(1.06) 
0.96 
(1.03) 
TBLH BMC 1.12 
(0.85)
 c
 
-0.29 
(0.70) 
1.56 
(0.74)
 c
 
-0.02 
(0.79) 
0.63 
(0.99)
 c
 
-0.31 
(0.78) 
1.32 
(0.92)
 c
 
0.34 
(0.87) 
R 1/3 BMC 1.03 
(0.88)
 c
 
-0.27 
(0.75) 
1.61 
(0.82)
 c
 
0.04 
(0.84) 
0.37 
(1.04)
 a
 
-0.17 
(0.89) 
1.31 
(1.01)
 b
 
0.63 
(0.97) 
R Mid BMC 0.91 
(0.91)
 c
 
-0.24 
(0.79) 
1.63 
(0.9)
 c
 
0.10 
(0.89) 
0.47 
(1.03)
 b
 
-0.22 
(0.85) 
1.32 
(0.98)
 c
 
0.53 
(0.94) 
R Ultra Distal 
BMC 
1.13 
(0.85)
 c
 
-0.29 
(0.69) 
1.58 
(0.72)
 c
 
-0.02 
(0.79) 
0.79 
(0.93)
 c
 
-0.39 
(0.69) 
1.27 
(0.83)
 c
 
0.12 
(0.79) 
 R Total BMC 0.97 
(0.89)
 c
 
-0.25 
(0.77) 
1.62 
(0.86)
 c
 
0.07 
(0.87) 
0.53 
(1.01)
 b
 
-0.26 
(0.83) 
1.33 
(0.96)
 c
 
0.46 
(0.91) 
H BMC 0.92 
(0.91)
 c
 
-0.24 
(0.79) 
1.63 
(0.89)
 c
 
0.10 
(0.89) 
0.32 
(1.05)
 a
 
-0.14 
(0.90) 
1.29 
(1.02)
 a
 
0.68 
(0.98) 
HN BMC 1.16 
(0.84)
 c
 
-0.3  
(0.68) 
1.56 
(0.69)
 c
 
-0.05 
(0.71) 
0.64 
(0.99)
 c
 
-0.31 
(0.78) 
1.32 
(0.91)
 c
 
0.34 
(0.87) 
LS  BMC  0.84 
(0.94)
 c
 
-0.22 
(0.82) 
1.63 
(0.95)
 c
 
0.15 
(0.93) 
0.68 
(0.97)
 c
 
-0.33 
(0.75) 
1.31 
(0.89)
c
 
0.28 
(0.85) 
112 
 
Table 4.11.2 Bone area and bone mineral content Z scores (adjusted for height and weight) at 
10 and 15 years of age comparing obese with non-obese males.  
 
 
Bone area= BA; bone mineral content=BMC; total body less head=TBLH; R=radius; 
 H=total hip; HN=Hip neck; lumbar spine=LS.  Data presented as mean (SD); significant 
differences within the same sex and age group 
a 
p<0.05, 
b
p<0.01, 
c 
p<0.001. Each of the bone 
mass measurements of the black non-fracturing females were used as the control to create Z 
scores for the other sex and ethnic groups. 
 
 
 
                                             
Bone mass 
measurements 
( Z scores) 
Males at 10 years Males at 15 years 
Blacks Whites Blacks Whites 
Obese 
(n = 26) 
Non-
obese 
(n = 130) 
Obese 
(n = 11) 
Non-
obese 
(n = 41) 
Obese 
(n = 27) 
Non-
obese 
(n = 146) 
Obese 
(n = 9) 
Non-
obese 
(n = 42) 
 TBLH BA  
0.59 
(1.12)
b
 
-0.48 
(0.66) 
1.32 
(0.59)
c
 
0.17 
(0.86) 
1.47 
(1.23)
 c
 
0.52 
(1.01) 
2.46 
(1.16) 
1.84 
(1.12) 
R 1/3 BA  
0.37 
(1.21)
c
 
-0.45 
(0.77) 
1.34 
(0.65)
c
 
0.31 
(1.01) 
1.27 
(1.28) 
1.23 
(1.21) 
2.57 
(1.23) 
2.71 
(1.33) 
R Mid BA  
0.21 
(1.25)
b
 
-0.41 
(0.84) 
1.34 
(0.69)
b
 
0.41 
(1.09) 
1.32 
(1.29) 
1.15 
(1.20) 
2.59 
(1.23) 
2.64 
(1.32) 
R Ultra Distal 
BA  
0.09 
(1.28)
a
 
-0.38 
(0.87) 
1.32 
(0.71)
 b
 
0.47 
(1.15) 
1.38 
(1.29) 
1.02 
(1.17) 
2.61 
(1.24) 
2.49 
(1.30) 
 R Total BA 
0.20 
(1.25)
b
 
-0.41 
(0.84) 
1.34 
(0.69)
 b
 
0.41 
(1.10) 
1.32 
(1.28) 
1.14 
(1.19) 
2.60 
(1.23) 
2.62 
(1.32) 
H BA 
0.00 
(1.28) 
-0.36 
(0.90) 
1.31 
(0.73)
 a
 
0.51 
(1.19) 
1.16 
(1.26) 
1.36 
(1.21) 
2.48 
(1.20) 
2.81 
(1.34) 
HN BA  
0.28 
(1.24)
c
 
-0.42 
(0.81) 
1.34 
(0.67)
 c
 
0.37 
(1.06) 
1.32 
(1.29) 
1.14 
(1.19) 
2.60 
(1.23) 
2.62 
(1.32) 
 LS  BA  
-0.19 
(1.30) 
-0.32 
(0.95) 
1.24 
(0.76) 
0.60 
(1.25) 
1.20 
(1.27) 
1.32 
(1.21) 
2.51 
(1.21) 
2.78 
(1.34) 
TBLH BMC 0.62 
(1.11)
c
 
-0.48 
(0.65) 
1.31 
(0.58)
 c
 
0.15 
(0.84) 
1.46 
(1.21)
 c
 
0.44 
(0.99) 
2.42 
(1.13)
 a
 
1.73 
(1.09) 
R 1/3 BMC 0.51 
(1.16)
c
 
-0.47 
(0.70) 
1.33 
(0.61)
 c
 
0.22 
(0.92) 
1.43 
(1.28)
 b
 
0.85 
(1.13) 
2.60 
(1.22) 
2.29 
(1.25) 
R Mid BMC 0.37 
(1.21)
c
 
0.44 
(0.77) 
1.35 
(0.65)
 c
 
0.31 
(1.01) 
1.46 
(1.26)
 c
 
0.71 
(1.08) 
2.55 
(1.20) 
2.11 
(1.20) 
R Ultra Distal 
BMC 
0.64 
(1.15)
c
 
-0.48 
(0.64) 
1.31 
(0.57)
 c
 
0.14 
(0.83) 
1.42 
(1.14)
 c
 
0.14 
(0.86) 
2.19 
(1.04)
 b
 
1.26 
(0.94) 
 R Total BMC 0.44 
(1.19)
c
 
-0.46 
(0.74) 
1.34 
(0.63)
 c
 
0.27 
(0.97) 
1.47 
(1.24)
 c
 
0.61 
(1.05) 
2.51 
(1.18) 
1.97 
(1.16) 
H BMC 0.38 
(1.20)
c
 
-0.45 
(0.76) 
1.34 
(0.65)
 c
 
0.30 
(1.00) 
1.42 
(1.28)
 a
 
0.92 
(1.14) 
2.61 
(1.23) 
2.37 
(1.27) 
HN BMC 0.68 
(1.08)
c
 
-0.48 
(0.62) 
1.29 
(0.56)
 c
 
0.11 
(0.79) 
1.46 
(1.21)
 c
 
0.43 
(0.98) 
2.41 
(1.13)
 a
 
1.72 
(1.09) 
LS  BMC  0.29 
(1.23)
c
 
-0.43 
(0.80) 
1.34 
(0.67)
 c
 
0.36 
(1.06) 
1.46 
(1.20)
 c
 
0.36 
(0.95) 
2.36 
(1.11)
 a
 
1.60 
(1.05) 
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Discussion 
This is the first study to demonstrate heterogeneity in the pathogenesis of fractures in 
children of different ethnic groups. White males who reported a previous fracture were more 
physically active at age 10 and 15 years and had greater BA and BMC at the same ages at 
various sites. Increased physical activity seems to be the key contributory factor in the 
pathogenesis of fractures in white urban South African males. These differences were not 
present in white females or in black children, however in white females, fat mass appeared to 
be a contributory factor, as has been reported in other studies(72;273). No anthropometric or 
bone mass and size factors were found to be associated with fractures in black children. 
 
The findings of this study support those of Clark et al(110) in a high-income country 
setting, who described the relationship between physical activity, bone mass and fracture risk 
in mainly white children (3.1% were of non-white ethnicity) and showed that despite having a 
higher BMD, daily or more vigorous physical activity increased fracture risk. This South 
African study is the first one to investigate the relationship between physical activity, bone 
mass and fracture risk in children of different ethnic origins.  
 
There are both bone dependent and bone-independent factors that contribute to fracture 
risk in childhood(274). Many studies have investigated the influence of physical activity, 
socioeconomic status, exposure to sunlight, breastfeeding in early life and maternal smoking 
during childhood on bone mass (66;166;275;276). Flynn et al. prospectively followed-up 8 
year old children for 8 years and concluded that  there was an inverse relationship between 
bone mass at 8 years and upper limb fracture risk at 16 years of age, and that overweight or 
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obesity at age 8 years was also associated with an increased risk of fracture (277). In the 
ALSPAC prospective study, an 89% increased risk of fracture per SD decrease in size-
adjusted BMC at age 9.9 years was found(76). Despite the inverse relationship observed 
between fracture risk and bone mass, Clark et al were the first to suggest that the higher bone 
mass associated with increased physical activity in children does not necessarily compensate 
for the increased exposure to injuries and higher fracture risk(110).  Studies indicate that 
African-American and Hispanic children have a significantly greater bone strength than 
Caucasian children, due to greater bone density at the distal trabecular bone regions and 
greater bone density and area at the cortical sites of the radius and tibia (278); and the authors 
suggest that the differences in fracture rates reported between different ethnic groups in 
adulthood may be traced back to these differences in bone strength in childhood.  Several 
studies on the Bt20 cohort have reported greater BMD in black compared to white children at 
9 and 10 years of age(242-244) and more recently Micklesfield et al(246) have shown that 
South African black children have greater bone strength as measured by pQCT however the 
association between fracture risk and bone strength or geometry in South African children has 
to be further investigated. It can be postulated that structural differences in bone geometry 
may provide protection against fractures in black South Africans. 
 
As discussed earlier, there is a significant difference in the grading of trauma 
associated with fractures between white and black children with white children fracturing at 
more severe levels of trauma than black children. McVeigh et al(245) have shown in this same 
cohort that white males with the highest physical activity scores have a greater BMD. 
Therefore although more physically active white males may have higher BMD, this does not 
appear to protect them from fracturing. 
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It has also been previously documented that black children are less physically active 
than white children (245), but this does not seem to impact negatively on their bone mass as 
black children have a greater hip bone mass, and black girls a greater lumbar spine bone mass 
as well, than their white peers(245). Despite South African black children being less active 
and consuming a diet lower in calcium (whites 703-711mg/day vs blacks 297-331mg/day) 
than white children(253), this study shows that they fracture less as well. The complexities of 
bone turnover and geometry have to be further investigated in the different ethnic groups to 
explain the possible pathogenesis of ethnic differences in fracture rates and bone mass among 
children. 
 
A higher BMI at 10 and 15 years of age is the only difference between white females 
with and without a history of fractures. There are no significant differences in any bone mass 
or anthropometric measurements in black females with and without fractures. The Dortmund 
Nutritional and Anthropometric Longitudinal Designed (DONALD) study conducted in 
Germany on healthy children highlighted the inverse association between the accrual of bone 
mass and subcutaneous adipose tissue in prepubertal females. They further found that pubertal 
females with relatively high subcutaneous fat area (high ratio fat area/fat mass) were 
characterized by lower bone strength(273). Our finding of increased adiposity being associated 
with greater fracture risk in white girls is in keeping with previous studies conducted in 
Caucasian individuals. Goulding et al(72) found that girls with fractured forearms are often 
overweight and those with  recurrent fractures and high body weight have a substantially 
higher fracture risk than girls with a history of a single fracture.(36). The reasons why 
increased adiposity in white South African females is associated with increased fracture risk 
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needs to be investigated. No previous studies have compared body composition characteristics 
and fracture risks in black individuals and this is the first study to suggest that there does not 
appear to be an association between fat mass, or adiposity, and fracture risk in black girls and 
boys, despite an increasing (but similar) prevalence of overweight or obesity in both black and 
white females . At age 15 years, 24% of BF were overweight and 8 % were obese; 22% of WF 
were overweight and 5% were obese; 8% of BM were overweight and 7.5% were obese, and 
14% of WM were overweight and 4% were obese. 
 
BA and BMC were increased at nearly all sites in obese/overweight children at 10 
years compared to their non-obese peers across all ethnic and sex groups. A similar pattern 
was found at most sites at age 15 years. The relationship between bone and excess adiposity in 
children is complex.  There are contradictory reports on skeletal mass in overweight or obese 
children but most studies have found normal or increased BMC in obese children(126;127). A 
null effect of fat mass on bone mass and density has also been found(279). One of the reasons 
for the conflicting results may be explained by the variability in fat distribution with possibly 
different consequences for bone(280). Childhood fractures have been shown to be linked to 
alterations in metabolic parameters associated with deposition of visceral fat mass, which may 
be indicative of future skeletal insufficiency(281). The higher incidence of fractures during 
puberty in obese children compared to their normal-weight peers maybe partly explained by 
the mismatch of bone strength and mineral accrual to body weight(280;282;283)   
Furthermore, despite the increased bone mass noted in some obese adolescents it may not be 
sufficient to overcome the greater forces that are generated when they fall resulting in 
fractures (128;284). 
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A recent study during a period of rapid mineral accrual in young girls aged 8-13 years 
showed that total and android or abdominal adiposity are significant determinants of bone 
development although their effects may be different(285). Whereas higher total body fat 
promotes gains in weight-bearing bone strength, at higher levels, android fat may be 
detrimental to gains in vBMD, particularly at diaphyseal regions of weight bearing bones 
where cortical bone predominates(285). 
These higher levels of central adiposity may counteract the stimulatory effects of 
whole body fat mass on bone and compromise skeletal adaptations in vBMD and bone 
structural development(286). Laddu et al(285) suggested that this greater abdominal adiposity 
may offset the positive effects on cortical bone development at proximal weight-bearing bone 
sites, possibly by increased inflammation, metabolic abnormalities, or other factors that may 
affect bone such as advanced glycation end products, thereby resulting in a greater risk of 
fractures later in life.  
Future research to examine the site-specific differences in the effects of fat on bone at both the 
weight-bearing and non-weight-bearing skeletal sites and also to determine the relationship 
between total body and regional adiposity on specific skeletal sites in the different ethnic 
groups and sexes in South African children is essential but also to explain why there were 
differences in bone measurements and fracture rates in obese and non-obese white females and 
none noted in the blacks.     
  
There are three potential limitations to this study: firstly, the small number of subjects 
in the white group, which was influenced by the original sampling method that represented the 
demographics of racial proportions in urban South Africa.  Despite the small number of white 
children this study was able to document statistically significant differences in bone size and 
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area and physical activity between the white boys who did and did not fracture. Further, in 
white girls this study was able to show an association between adiposity and fracture risk.  
Secondly, this study has not adjusted for potential modifiers (socio-economic, nutrition 
and 25-hydroxyvitamin D).  Vidulich et al found no effect of nutritional factors on bone mass 
and stated that the site-specific ethnic differences in bone mass were not the result of poor 
nutrition or poorer households in South African black children but suggested rather that 
genetic factors might play a role(242). Poopedi et al found no significant relationship between 
vitamin D status and BMC in either black and white subjects in the same cohort(287) however 
an inverse relationship between fat mass and 25-hydroxyvitamin D was found in both black 
and white children(287). Despite black children having lower levels of 25-hydroxyvitamin D 
than white children, this does not appear to influence their bone health(287). Similarly, the 
HELENA study of Spanish adolescents showed no relation between calcium and vitamin D 
intakes and bone mass(288).  
Lastly, the lack of radiological confirmation of fractures might be considered a 
limitation of this study, the fracture rates for whites and blacks in the whole Bt20 cohort were 
similar to those reported in this smaller sub-cohort and the previous findings were similar 
between the ethnic groups at all ages. Furthermore, fracture data that had been previously 
collected at year 13 and those collected in the current year 15 questionnaires confirmed the 
previous fracture rates. The use of skeletal diagrams also confirmed the site of fracture and 
was filled in with the help of the parent or caregiver for accuracy and completeness.  
The present study did not explore ethnic differences in bone geometry and volumetric 
BMD measurements utilizing peripheral quantitative computed tomography, or their 
relationship to fractures; and it is possible that further insights into the reasons for the ethnic 
differences in fracture risk may come to light. 
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Summary of major findings 
Of the 533 subjects, 130 (24%) reported a fracture (black (15%), white (41.5%); 
p<0.001). White males who fractured were significantly taller, more physically active and had 
higher lean body mass, white females, who fractured, were fatter, than their non-fracturing 
peers. White males who fractured had greater BA and BMC at most sites at 10 and 15 years; 
BA and BMC were similar in each of the other sex and ethnic groups. No anthropometric or 
bone mass differences were found in black children with and without fractures.  
 The factor associated with fractures in white males appears to be participation in sports 
activities, while in white females obesity appears to play a role. The contributing factors in 
black males and females need to be elucidated.   
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CHAPTER 5 
 
Fracture patterns and bone mass in South-African adolescent-mother pairs 
 
 
This chapter describes and discusses the results of the studies to assess the fracture 
patterns and bone mass of South African adolescent-biological mother pairs and to determine 
if a familial relationship exists between first degree relatives (biological mothers and siblings) 
and the cohort children of different ethnic groups with regard to the prevalence of fractures.  
 
Most of the findings and discussion in this chapter have been published in the following 
manuscript (appendix I): 
 
Thandrayen K, Norris SA, Micklesfield LK, Pettifor JM.  Fracture patterns and bone 
mass in South African adolescent-mother pairs: The Birth to Twenty Cohort. Osteoporos Int. 
2013 Aug 14. [Epub ahead of print] 
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Results 
 
Of the 3273 neonates originally enrolled in the Bt20 cohort, fracture and bone mass 
data were available on 1389 adolescents at age 17/18 years. Bone mass measurements were 
available on nearly all of their biological mothers (TB=1383 and LS=1261), however 
information on previous fractures was only available on 688 (~50%) of these. There were an 
almost equal number of biological mothers that completed and those that did not complete 
fracture questionnaires (B 580 vs 590; W 45 vs 46; MA 63 vs 65). There were no differences 
in age, anthropometric data or bone mass measurements between those mothers who did 
complete the fracture questionnaire and those who did not (Table 5.1). Differences in parity 
were not assessed. 
 
Table 5.1 Comparisons of age, anthropometric data and bone mass measurements between 
biological mothers who did complete fracture questionnaires and those who did not. 
 
Biological mothers who completed 
fracture questionnaires 
Biological mothers who did not 
complete fracture questionnaires 
n Measurements n Measurements 
Age (yrs) 688 40.4 701 39.8 
Weight (kg) 686 75.9 697 74.6 
Height (m) 686 1.59 697 1.59 
BMI (kg/m
2
) 686 30 697 29.5 
TB BA (cm
2
) 688 1959 701 1947 
TB BMC (g) 688 2213 701 2197 
LS BA (cm
2
) 678 55.7 587 55.8 
LS BMC (g) 678 56.4 587 56.2 
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Figure 5.1 depicts the attrition of subjects in the cohort from birth until 17/18 years of age. 
The figure also shows the numbers of fracture questionnaires and bone mass measurements 
available at age 17/18 on adolescent-biological mother pairs as well as the number of fracture 
questionnaires on the siblings of the 17/18 year old adolescents.  
 
Figure 5.1 Flow diagram describing the attrition of study participants from birth until 17/18 
year of age including the number of adolescent-biological mother pairs and their siblings with 
fracture and bone mass data 
 
Anthropometric and bone mass measurements of adolescent-biological mother pairs: 
Of the 1389 adolescent-biological mother pairs with bone mass and anthropometric 
data, 91 (6.6%) were white (W), 1170 (84.2%) were black (B) and 128 (9.2%) were of mixed 
Bt20   
(N =3273) 
Biological mothers 
(n = 1389) 
DXA 
TB (n = 1383) 
LS (n= 1261) 
Completed fracture 
questionnaires 
(n = 688) 
Year 17/18 
Adolescents 
(n= 1389) 
DXA 
TB (n = 1386) 
LS (n = 1384) 
Completed fracture 
questionnaires 
(n =1389) 
Caregivers 
completed sibling 
fracture 
questionnaires 
(n =1242) 
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ancestry (MA). The baseline descriptive data of the adolescent-biological mother pairs of the 
different ethnic groups are shown in Tables 5.2 and 5.3. Mixed ancestry adolescents were on 
average 4 months older than their black and white peers (p<0.001). White adolescent males 
were heavier, had a greater BMI, were taller, and also had greater unadjusted BA and BMC of 
the total body and lumbar spine than black and MA adolescent males. White adolescent 
females were taller and had a greater unadjusted TB and LS BA than the black and MA 
adolescent females. Black adolescent females were heavier, had a greater BMI and unadjusted 
TB BA and BMC than the MA adolescent females.  
After adjusting for height and weight, white males still had greater TB BA, LS BA and 
LS BMC than the males of the other ethnic groups. Mixed ancestry adolescent females had 
significantly lower TB BA than the black and white adolescent females. Adjusted TB BMC 
was not significantly different between the ethnic groups in either the adolescent males or the 
females, and adjusted LS BMC was not different between the adolescent female ethnic groups. 
Pubertal development was similar in the female adolescents of the different ethnic groups, but 
was less advanced in black adolescent males than in males of the other ethnic groups (Table 
5.2). 
There were no differences in age or weight between the mothers in the different ethnic 
groups. White mothers were taller and had a lower BMI and greater TB BA, and LS BA and 
BMC than their black and mixed ancestry peers. White and black mothers had greater TB 
BMC than mixed ancestry mothers. After adjusting for height and weight, black mothers had 
greater TB BA and BMC than mothers in the other two groups, and LS BMC was no longer 
significantly different between the ethnic groups.                                                                                
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Table 5.2 Anthropometric and bone mass measurements of year 17/18 adolescents 
 
Anthropometric and 
bone mass 
measurements 
Whites Blacks Mixed ancestry P values 
Males Females Males Females Males Females Males 
 
Females 
 n Mean 
(SD) 
n Mean 
(SD) 
n Mean 
(SD) 
n Mean 
(SD) 
n Mean 
(SD) 
n Mean 
(SD) 
Age (years) 41 17.8 
(0.3) 
 
50 17.8 
(0.2) 
577 17.9 
(0.4) 
593 17.9 
(0.4) 
61 18.2 
(0.5) 
67 18.2 
(0.5) 
MA>B*, 
MA>W* 
 
MA>B*, 
MA>W* 
 
Weight (kg) 41 72.3 
(12.4) 
 
50 61.7 
(12.9) 
577 59.1 
(8.9) 
590 59.2 
(11.9) 
61 59.4 
(12.6) 
67 53.8 
(11.7) 
W>B*, 
W>MA* 
W>MA**, 
B>MA** 
Height (m) 41 1.78 
(0.09) 
 
50 1.66 
(0.07) 
577 1.71 
(0.07) 
590 1.60 
(0.06) 
61 1.71 
(0.07) 
67 1.60 
(0.06) 
W>B*, 
W>MA* 
W>B*, 
W>MA* 
BMI (kg/m
2
) 
 
 
41 22.6 
(3.1) 
50 22.4 
(4.1) 
577 20.1 
(2.6) 
590 23.2 
(4.5) 
61 20.3 
(3.8) 
67 21.1 
(4.2) 
W>B*, 
W>MA*** 
B>MA* 
TB BA (cm
2
) 41 2336.2 
(225.3) 
 
50 2010.7 
(176.8) 
577 2086 
(180.2) 
593 1883 
(165.1) 
61 2045 
(205.3) 
67 1781 
(157.6) 
W>B*, 
W>MA* 
W>B*, 
W>MA*, 
B>MA* 
Adjusted 
TB BA (cm
2
)‡ 
 
41 2087.8 
(13.6) 
50 2026.8 
(11.9) 
577 2051.4 
(3.8) 
590 2008.2 
(4.4) 
61 2013.4 
(10.8) 
67 1956.9 
(10.6) 
W>B***, 
W>MA*, 
B>MA*** 
W>MA*, 
B>MA* 
TB BMC (g) 41 2694.8 
(446.5) 
 
50 2144.5 
(282.8) 
577 2308.9 
(344.2) 
593 2034.2 
(282.9) 
61 2310.0 
(388.1) 
67 1894.5 
(268.2) 
W>B*, 
W>MA* 
W>MA*, 
B>MA** 
Adjusted 
TB BMC (g)‡ 
41 2354.2 
(37.2) 
50 2158.6 
(32.4) 
577 2277.5 
(10.4) 
590 2185.3 
(12.0) 
61 2280.9 
(29.5) 
67 2130.9 
(28.9) 
NS NS 
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Data are presented as number (n) and percentage (%) or means (SD) and ‡adjusted BA or BMC is adjusted for weight and height 
and is presented as means (SEM).  
Data compared between groups using ANOVA for continuous data and Chi-square or Fisher’s exact for categorical data.   
P values presented for ethnicity in male and females separately (W = white, B= black, MA = mixed ancestry), *
 
p < 0.001;  
**
 
p<0.01; ***<0.05. NS = not significant.  
TB = total body, LS = lumbar spine, BA = bone area, BMC = bone mineral content.  
 
 
 
 
 
LS BA (cm
2
) 41 68.9 
(6.2) 
 
50 57.8 
(5.4) 
575 62.7 
(6.0) 
593 54.5 
(5.9) 
61 61.8 
(5.6) 
67 53.2 
(5.8) 
W>B*, 
W>MA* 
W>B**, 
W>MA* 
Adjusted 
LS BA (cm
2
)‡ 
 
41 62.8 
(0.8) 
 
50 58.8 
(0.7) 
575 60.7 
(0.2) 
590 58.8 
(0.2) 
61 60.0 
(0.6) 
67 57.8 
(0.6) 
W>B**, 
W>MA** 
NS 
LS BMC (g) 
 
 
41 71.8 
(12.6) 
50 56.1 
(10.0) 
575 58.3 
(10.8) 
593 53.1 
(9.6) 
61 59.0 
(10.9) 
67 50.1 
(8.5) 
W>B*, 
W>MA* 
W>MA*** 
Adjusted 
LS BMC (g)‡ 
 
41 62.8 
(1.4) 
50 56.8 
(1.2) 
575 56.7 
(0.4) 
590 58.0 
(0.5) 
61 57.6 
(1.1) 
67 56.5 
(1.1) 
W>B*, 
W>MA** 
NS 
 
Pubertal status 
n % n % n % n % n % n %  
 
 
 
W>B* 
MA>B** 
 
 
 
 
NS 
Stage 1 0 0 0 0 0 0 0 0 0 0 0 0 
Stage 2 0 0 0 0 2 0.4 0 0 0 0 0 0 
Stage 3 1 2.4 5 10 74 13.8 81 14.3 3 7 4 9.3 
Stage 4 14 34.2 22 45 319 59.5 275 48.7 20 46.5 18 41.9 
Stage 5 26 64.4 22 45 141 26.3 209 40.0 20 46.5 21 48.8 
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Table 5.3 Anthropometric and bone mass measurements of mothers 
Data are presented as means (SD) and ‡ adjusted BA or BMC is adjusted for weight and height and presented as means (SEM). 
Data compared between groups using ANOVA for continuous data.   
P values presented for ethnicity (W = white, B= black, MA = mixed ancestry), 
* 
p < 0.001; 
** 
p<0.01; 
*** 
p <0.05.   
NS = not significant. TB = total body, LS = lumbar spine, BA = bone area, BMC = bone mineral content.  
Anthropometric and 
bone mass 
measurements 
Whites Blacks Mixed Ancestry p value 
n Mean (SD) n Mean (SD) n Mean (SD) 
Age (years) 91 39.9 (5.1) 1170 40.0 (7.0) 128 41.1 (6.7) NS 
Weight (kg) 91 72.2 (16.4) 1165 75.7 (16.3) 127 73.8 (16.5) NS 
Height (m) 91 1.65 (0.06) 1165 1.59 (0.06) 127 1.59 (0.07) W>B*, W>MA* 
BMI (kg/m
2
) 91 26.5 (6.2) 1165 30.1 (6.2) 127 29.0 (6.4) W<B*, W<MA** 
TB BA (cm
2
) 91 2016.5 (149.5) 1170 1953.5 (154.8) 128 1903.9 (171.7) W>B*, W>MA*,B>MA** 
Adjusted TB BA (cm
2
)‡ 91 1955.5 (8.1) 1165 1986.4 (2.4) 127 1933.7 (6.8) B>W*,B>MA*,W>MA*** 
TB BMC (g) 91 2229.5 (276.9) 1170 2 211 (315.6) 128 2139 (336.7) B>MA*** 
Adjusted TB BMC (g)‡ 91 2149.2 (24.7) 1165 2252.4 (7.4) 127 2181.5 (20.6) B>W*, B>MA** 
LS BA (cm
2
) 91 60.6 (5.4) 1067 55.4 (5.8) 107 55 (5.5) W>B*; W>MA* 
Adjusted LS BA (cm
2
)‡ 91 58.0 (0.5) 1064 57.1 (0.2) 106 55.8 (0.4) W>MA*, B>MA*** 
LS BMC (g) 91 61.5 (10.7) 1067 56 (10.8) 107 55.1 (10.7) W>B*, W>MA* 
Adjusted LS BMC (g)‡ 91 58.1 (1.0) 1064 58.1 (0.3) 106 56.6 (0.9) NS 
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Fracture patterns: 
Twenty two percent of the adolescents reported a history of having fractured a bone 
previously. The percentage of white children who reported fractures was double that of the 
other groups (W: 42% vs. B: 20% and MA: 20%; both p<0.001) (Table 5.4). White males had 
a higher prevalence of fractures than black males (p<0.001), and white females had a higher 
prevalence of fractures than black and mixed ancestry females (p<0.001 and p<0.01, 
respectively). 
Eighty three percent of the adolescents had siblings. Of the 258 (22%) adolescents 
(with siblings) with a history of fracture, 58 (23%) of their siblings had fractured (Table 5.4). 
Of the remaining 900 adolescents (with siblings) without a history of fracture, 126 (14%) of 
their siblings had fractured (23% vs. 14%; p<0.01). Of the 688 biological mothers, who 
completed the fracture questionnaire, 60 (9%) indicated that they had sustained a fracture 
before the age of 18 years (white mothers 31%, mixed ancestry 16%, and black mothers (6%) 
W>B, p<0.001; MA>B, p=0.01) (Table 5.4). Unlike the pattern of fracture prevalence among 
the adolescents and their siblings, there was no difference in the prevalence of fractures 
between the adolescents of mothers who had or did not have a history of fractures.  
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Table 5.4 The number and percentage of 17/18 year old adolescents, their mothers and siblings with a history of fractures 
Ethnic 
Group 
Adolescent males 
 
Adolescent 
females 
 
Sibling fracture history 
associated with adolescents 
who had fractured 
Biological mothers 
 
n 
n (%) 
with fractures 
n 
n (%) 
with fractures 
n 
n (%) of sibling 
fractures 
n 
n (%) 
with fractures 
White 41 18
 *
 (44) 50 20
 * †
 (40) 34 8 (24) 45 14
* 
(31) 
Blacks 577 144
 *
 (25) 593 92 (16) 201 45 (22) 580 36 (6) 
Mixed 
ancestry 
61 17 (28) 67 10 (15) 23 5 (22) 63 10
 **
 (16) 
Total 679 175(25.8) 710 122(17.1) 258 58 (22.5) 688 60(8.7) 
*
 p < 0.001 between white and black males 
                  between black males and black females 
       between white and black females  
                  between white and black biological mothers; 
  
**
p = 0.01   between mixed ancestry and black biological mothers;  
 †
p <0.01    between white and mixed ancestry females 
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The commonest site of fracture in adolescents, their siblings and biological mothers 
was the upper limb followed by the lower limb (Figure 5.2).  
 
 
Figure 5.2 Percentage of fractures at the different sites in year 17/18 adolescents, their 
siblings and biological mothers. 
 
Most fractures occurred as a consequence of grade 2 trauma within the year 17/18 
adolescent and sibling groups (Figure 5.3). Fractures in the biological mothers occurred as a 
consequence of both grade 1 and grade 2 traumas. A greater number of fractures occurred 
secondary to grade 2 and 3 trauma in the year 17/18 adolescents compared to their biological 
mothers (p=0.041). 
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Figure 5.3 Grades of trauma causing fractures in year 17/18 adolescents, siblings and 
biological mothers. *p<0.05 between year 17/18 adolescents and their biological mothers. 
 
Predictors of BA and BMC in 17-18 year old adolescents 
To determine factors that made a significant contribution to adolescent TB and LS BA 
and BMC, ethnicity, gender, adolescent height, adolescent weight and Tanner stage 
(subdivided into early (n=170) or late puberty (n=1107)), maternal height, maternal weight, 
maternal TB and LS BA and BMC were chosen as candidate explanatory variables for the 
multivariate stepwise regression analyses. The results from the regression models are 
presented in Table 5.5.  Including adolescent height, weight and maternal LS BA and LS and 
TB BMC resulted in the highest partial R
2
 values for the respective adolescent bone variables. 
Maternal height and weight were negative predictors of adolescent BA and BMC, but 
contributed minimally to the overall variance. White ethnicity was a positive predictor of 
adolescent TB BA and BMC and LS BMC and male gender was a positive predictor of TB 
BA and BMC and LS BA.  
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Table 5.5 Regression models describing the relationship between predictors and adolescent bone area and bone mineral content 
Mother’s bone measurement corresponds to the respective TB or LS BA or BMC value for each column.  All variables left in the 
model are significant at the 0.15 level. Total body = TB; bone area= BA; bone mineral content=BMC; lumbar spine=LS.   
* 
p < 0.001; 
** 
p<0.01; 
*** 
p <0.05. 
 TB BA (n =1269) TB BMC (n =1269) LS BA (n =1169) LS BMC (n =1169) 
Parameter 
estimate 
 SE Partial 
R
2
 
Parameter 
estimate 
SE Partial 
R
2
 
Parameter 
estimate 
SE Partial 
R
2
 
Parameter 
estimate 
SE Partial  
R
2
 
Intercept -525.3  77.3  -672.2 190.5  -27.1 3.9  -28.9 7.4  
Whites  39.21  9.6 0.002
*
 62.4 24.9 0.002
***
 Not included 2.2 1.0 0.003
***
 
Males 53.9  6.7 0.006* 115.6 17.4 0.018* 2.3  0.4 0.019
*
 Not included 
Adolescent 
height (m) 
1345.9  42.5 0.660* 1486.5 110.3 0.409* 51.7  2.3 0.580
*
      47.8  3.0 0.275* 
Adolescent 
weight (kg) 
8.47  0.2 0.170* 14.0 0.6 0.170* Not included      0.25  0.02 0.051* 
Tanner stage 
(Early=0 
Late=1) 
Not included 27.3 17.9 0.001 Not included Not included 
Maternal 
height (m) 
-485.8  66.9 0.005
*
 -709.4 132.4 0.007* -10.7  3.0 0.004
*
     -14.1  5.0 0.003*** 
Maternal 
weight (kg) 
-1.4  0.2 0.003* -2.9 0.4 0.012* Not included     -0.03  0.02 0.004** 
Maternal bone 
measurement 
0.32  0.03 0.004
*
 0.37 0.03 0.029* 0.29  0.03 0.021
*
     0.28  0.03 0.084
 *
 
Total R
2
 0.852
*
 0.648
*
 0.624
*
 0.420
*
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Factors associated with fractures in 17/18 year old adolescents: 
Bivariate logistic regression analyses were initially performed for the whole group to assess if 
any confounding variables, such as weight, height, ethnicity, gender, pubertal stage, 
adolescents’ and mothers’ BA and BMC (TB and LS) and sibling history of fracture or 
maternal history of fracture were individually associated with adolescent fracture risk (Table 
5.6). In these analyses, the adolescents’ risk of fracture was higher if a sibling had a history of 
fracture (OR = 1.6; 95% CI 1.12-2.32; p=0.01) but was not associated with maternal history of 
fracture (OR = 1.09; 95% CI 0.63-1.86; p=0.762). Neither adolescent weight nor pubertal 
stage was associated with fracture risk of the entire cohort, however height was positively 
associated with the risk of fracture (OR = 9.85; 95% CI 2.31-41.83; p<0.01) and males were at 
greater risk of fracture compared to females (OR = 1.73; 95% CI 1.33-2.24; p<0.001). 
Adolescent TB BA (OR = 1.0008; 95% CI 1.0002-1.001; p<0.05) and TB BMC (OR = 
1.0004; 95%CI 1.000002-1.0007; p<0.05) were both marginally associated with increased 
fracture risk. Maternal LS BMC (Z score) was inversely associated with fracture risk in their 
adolescent offspring (OR=0.80; 95% CI 0.7-0.93; p<0.01). White adolescents had a greater 
risk of fracture than other ethnic groups (OR = 2.82; 95% CI 1.82-4.37; p<0.001).  
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Table 5.6 Odds ratio for fractures in year 17/18 adolescents 
Fractures  n Odds ratio 
95% 
confidence interval 
Whites 1389 2.82* 1.82-4.37 
Males 1389 1.73* 1.33-2.44 
Adolescents height 1386 9.85 ** 2.31-41.83 
Adolescents weight 1386 1.00 0.99-1.02 
Maternal height 1383 2.14 0.26-17.71 
Maternal weight 1382 0.99 0.99-1.005 
Pubertal stages (Early=0, Late=1) 1277 1.53 0.99-2.36 
Maternal history of fracture  688 1.09 0.63-1.86 
Sibling history of fracture  1144 1.60** 1.12-2.32 
Adolescent TB BA 1389 1.0008*** 1.0002-1.001 
Adolescent TB BMC 1389 1.0004*** 1.000002-1.0007 
Adolescent LS BA 1387 1.02 0.99-1.03 
Adolescent LS BMC 1387 1.002 0.99-1.01 
Maternal TB BA 1389 0.9995 0.9987-1.0003 
Maternal TB BMC 1389 0.9996 0.9992-1.0001 
Maternal LS BA 1265 0.982 0.960-1.005 
Maternal LS BMC 1265 0.980 0.9677-0.9929 
Maternal LS  BMC (Z-score) 1265 0.80** 0.7-0.93 
Total body = TB; bone area= BA; bone mineral content=BMC; lumbar spine=LS.  *p < 0.001;  
**
 p≤ 0.01; ***p <0.05. 
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Multivariate logistic regression analyses were performed on the entire group (n=1099) to 
determine the risk factors for fractures in the adolescents. Factors which had been found to be 
significantly associated in simple logistic regression and multiple regression analyses were 
included in the model, namely, gender, ethnicity, sibling history of fracture, adolescent and 
maternal heights, adolescent TB BA and BMC and maternal LS BMC. The risk factors for 
adolescent fracture risk are shown in Table 5.7. White ethnicity and male gender remained 
significant with a greater risk of adolescent fracture. The adolescent’s risk of fracture was 50% 
greater if a sibling had a history of fracture (OR = 1.5; 95% CI 1.02-2.21; p<0.05). Maternal 
LS BMC was protective against the risk of fracture in the adolescent (24% reduction in 
fracture risk for every 1 unit increase in maternal BMC Z-score).   
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Table 5.7 Adjusted odds ratios for fractures in 17/18 year old adolescents  
Fractures  
 n = 1099 
Adjusted 
odds ratio 
95% 
confidence interval 
Whites  3.16
 *
 1.89-5.32 
Males 1.94
 **
 1.25-2.99 
Adolescent height 0.31 0.01-11.05 
Maternal height 3.09 0.12-77.09 
Adolescent TB BA 1.00 0.998-1.002 
Adolescent TB BMC 1.00 0.999-1.001 
Sibling history of fracture  1.50
 ***
 1.02-2.21 
Maternal LS  BMC (Z-score) 0.76
 **
 0.63-0.91 
Total body = TB; bone area= BA; bone mineral content=BMC; lumbar spine=LS.  
* 
p < 0.001; 
** 
p<0.01; 
***
p <0.05. Odds ratios are adjusted for all variables in this table.  
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Discussion 
To my knowledge this is the first study to describe familial characteristics of fracture patterns 
in childhood and adolescence and their relationship with bone mass measurements in 
adolescent-biological mother pairs of different ethnic backgrounds. The main findings of this 
study were that an adolescent’s risk of fracture was decreased if his/her mother had a greater 
lumbar spine BMC (24% reduction in fracture risk for every SD increase in maternal BMC), 
but was increased if a sibling had a history of fracture or if the adolescent was white or male. 
Adolescent height and weight, maternal BA and BMC, males and white ethnicity were 
positive predictors of adolescent bone mass. Lastly, there was a higher prevalence of fractures 
in white mothers prior to 18 years of age compared to the other ethnic groups, a pattern similar 
to that of their adolescent children. However, we were unable to show any association between 
a maternal history of childhood/adolescent fractures and the prevalence of fractures in their 
adolescent offspring.  
 
Maternal influences such as height, adiposity and vitamin D status have been 
postulated to be important in intrauterine programming and in the tracking of skeletal 
development and body composition from infancy to adulthood(289;290). These maternal 
influences are beyond the scope of this thesis but it will be important to determine if these 
factors predict or influence fracture risk and bone mass in adolescents from the different ethnic 
groups in South Africa. 
 
A study in the early 1990’s (291) had shown that South African black girls had a 
greater appendicular bone width than white girls, and recently, Micklesfield et al(246) 
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reported that black children have greater diaphyseal bone area and strength compared to 
whites. Despite these differences, Vidulich et al(92) found that  heritability of BMC in black 
and white children was comparable and similar to that reported for Caucasians in other parts 
of the world(83;292).  
Adolescents from the Bt20 cohort and their biological mothers were assessed at a mean age of 
17.9 years and 40.1 years respectively. Estimates of the youngest age at which peak bone mass 
is achieved at the lumbar spine and proximal femur are at the end of longitudinal growth phase 
between 15 and 17 years of age(293;294) and it is suggested that about 85-90% of final adult 
bone mass is acquired by the age of 18 years in girls and 20 years in boys(1). Thus the current 
study describes fracture prevalence and bone mass in adolescents at an age when they are very 
close to having achieved peak bone mass, and assesses the influence of their bone mass at this 
stage of development on their lifetime fracture prevalence and further determines the influence 
of maternal and sibling fracture prevalence on adolescent fracture risk.  
 
The prevalence of fractures in the Bt20 cohort up to the age of 17/18 years was 26% in 
males and 17% in females, with white males and females having double the prevalence of 
fractures compared to the other ethnic groups, a finding similar to that when the adolescents 
were aged 15 years. South African black children fracture less than white children because it is 
hypothesized that they might have protective genetic factors against low bone mass and 
fracture risk, they participate less in formal sport activities and they have lower physical 
activity scores than their white peers (245;253;295). Studies conducted in other countries have 
shown a similar prevalence of fractures in children less than 20 years of age to that of the 
white South African children in the Bt20 study (6;9;22;23). Similarly black or non-white 
children have a lower prevalence of reported fractures in keeping with South African studies 
138 
 
(76;255), despite some US studies suggesting a higher incidence of fractures in African-
American children(296;297). A recent study from the US has however reported that white 
children have a higher prevalence of fracture at all time points compared to non-whites 
regardless of sex(256).  
In the Bt20 study, the pattern of differences in fracture prevalence between ethnic 
groups was similar in the biological mothers to that of their adolescent offspring with the 
white mothers and adolescents reporting the highest prevalence of fractures (White mothers 
31% vs Blacks 6% vs MA 16%). It is likely that the actual prevalence is higher than that 
recorded as the fractures were historic, occurred during childhood, and had no means of 
verification. However these figures are higher than those reported by an older group of men 
and women (>50 years of age) participating in the European Prospective Osteoporosis Study 
(EPOS). They reported a fracture prevalence between the ages of 8 and 18 years of 8.9% in 
men and 4.5%  in women (298). We were unable to show any association between the history 
of childhood/adolescent fractures in mothers and the prevalence of fractures in their adolescent 
offspring within each ethnic group (data not shown). The findings support those of Ma and 
Jones, who did not observe any association between the prevalence of childhood fractures in 
offspring and maternal fracture history (but the number of participants was small) (274). 
However, the Bt20 study does show an association within the same family, as the prevalence 
of sibling fractures was significantly higher in families who had adolescents who had fractured 
(23%) than in families whose adolescents had not fractured (14%) (p<0.01). Similar evidence 
of fracture association among siblings has been reported from Poland, where more than 50% 
of adolescents with multiple fractures indicated that at least one family member had sustained 
a fracture, while only 29% of the adolescents who had no fractures had a family member who 
had had a fracture(s) (22).   
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This study was unable to show an association between the risk of childhood fractures 
and bone mass measurements at 17/18 years of age for the entire group. There are conflicting 
results concerning the association between childhood fractures and bone mass around the time 
of peak bone mass attainment. Childhood fracture in men has been associated with low BMD 
and smaller bone size in young adulthood, but this was not found in women who had fractured 
during childhood(299). However, another study reported that low BMD in pubertal girls with 
fractures persists into adulthood(300), but this was not confirmed by  Kawalilak et al(301), 
who showed no significant differences in adjusted BMC between fracture and non-fracture 
groups at most sites in young adulthood. The EPOS study conducted in over 50 year old adults 
supports the latter study in that BMD was similar among those who did and did not report 
sustaining a fracture during childhood (298).  
 
Despite this study reporting no relationship between childhood or adolescent fracture 
risk and their bone mass, we found that a 1 SD increase in maternal LS BMC reduced the risk 
of fracture in children by 24%. This novel finding applies across all ethnic groups. Although 
the positive relationship between mother’s bone mass and her offspring’s has been researched 
and documented worldwide (87;216;302;303), the finding that maternal bone mass might 
influence her offspring’s fracture prevalence has not been reported previously. Intuitively, this 
association should not be surprising as several studies, although not all, have shown that 
children who had a fracture(s) tend to have reduced BMC and BA compared to their peers 
who had no fractures (10;35;36;75), and genetic inheritance (maternal and paternal bone mass) 
plays a large role in determining childhood BMC, BA and peak bone mass. What is surprising 
is that this study as described in chapter 4 did not find an inverse association between fracture 
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history prevalence during childhood and adolescence and bone mass at ages 10 and 15 years. 
In fact, in white males, there was a positive association between fracture risk and bone mass 
possibly associated with increased contact sport participation. Thus, the association between 
maternal LS BMC and adolescent fracture risk might be a proxy for structural differences in 
the adolescents, with low maternal BMC indicating poorer adolescent bone strength rather 
than differences in bone mass per se. 
 
In addition to predicting adolescent fracture, maternal bone mass was also an 
independent predictor of adolescent BA and BMC. Twin and family-based studies have 
indicated that 60-85% of the variance in BMD is genetically determined(87;304). Ferrari et al 
investigated the familial resemblance for bone mineral mass at the lumbar spine and femoral 
neck before the pubertal bone growth spurt in healthy Caucasian prepubertal daughters and 
their mothers and found that familial resemblance was detected particularly at sites of 
predominantly trabecular bone(216). Furthermore, heritability for all lumbar spine parameters 
and for femoral neck areal BMD and bone mineral apparent density was close to heritability 
for height (38%), a trait known to be under strong genetic determination(216). Recent studies 
in Japan have documented significant correlations of BMD and lifestyles in both pre- and 
post-menarche daughters and their mothers but there was no correlation between daughters 
and their grandmothers or mothers and grandmothers (but the number of grandmothers in the 
study was small) (302;303). All of these studies suggest that bone mass in pre- and post-
menarche daughters are related to BMD of their mothers. Joaunney et al(305) found 
statistically significant relationships between BMD in mother/daughter pairs (r = 0.236 p = 
0.018), mother/son pairs (r = 0.304; p = 0.004) and all possible parent/children pairs (r = 0.27; 
p<0.0001). Similarly Krall and Dawson-Hughes(87) found correlation coefficients of between 
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0.22 – 0.52 between mothers and daughters and between 0.27 – 0.58 between mothers and 
sons. In the 2009-2010 Korean National Health and Nutrition Examination survey, parental 
BMD positively influenced BMD in daughters and sons after adjustment for physique, dietary 
intakes, and lifestyles: BMD values in the low tertile for both parents doubled the prevalence 
ratio for a BMD value in the low tertile in adolescents as compared with a low BMD tertile in 
one parent(306). The prevalence ratio of whole body less head BMD being in the low tertile 
increased by eight-fold and ten-fold in daughters and sons respectively if both parents were in 
the low BMD tertile(306). We found similar heritability rates (approximately 30%) by 
maternal descent in pre- and early pubertal South African children(92) indicating that genetics 
plays an important role in determining bone mass in black, white and mixed ancestry South 
African children. 
 
This study has several limitations. As has been noted in previous chapters, the study 
relies heavily on the self-reporting of historical childhood fractures in adolescents, their 
siblings and their mothers. Being historical, we could not verify the occurrence of the fracture, 
its site, or if x-rays confirmed the presence of a fracture. Thus we are dependent on memory of 
fracture events which is likely to be influenced by the severity of the fracture and the time 
between completing the questionnaire and the fracture event, which in the case of the mothers 
was at least 20 to 30 years. Potential differences in literacy between the black and white 
participants are not relevant as questionnaires were completed with the help of a research 
assistant. Finally, this study did not include confounding variables such as vitamin D levels, 
calcium intake, physical activity scores or socioeconomic status, but the relationship between 
sports activities and fractures has been reported previously in this cohort (295).  
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Summary of major findings 
An adolescent’s risk of lifetime fracture decreased with increasing maternal lumbar 
spine (LS) BMC (24% reduction in fracture risk for every unit increase in maternal LS BMC 
Z-score) and increased if they were white, male or had a sibling with a history of fracture. 
White adolescents and their mothers had a higher fracture prevalence compared to the black 
and mixed ancestry groups. 
Maternal bone mass has a significant inverse association with their adolescent off-
springs’ fracture risk and bone mass. Furthermore, there is a strong familial component in 
fracture patterns among South African adolescents and their siblings. 
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CHAPTER 6 
 
This concluding chapter of my thesis summarises the overall aim of the thesis, 
followed by the key objectives, hypotheses, findings and strengths of the thesis. The 
contextual relevance of the salient findings and key points pertaining to future research will be 
outlined followed by the conclusion.  
 
Summary 
 
Aim of the thesis 
The main aim of this thesis was to investigate the epidemiology of and risk factors for 
fractures in urban South African children of different ethnic backgrounds and to determine the 
association between fractures and bone mass in these children and their biological mothers, a 
topic which has not been investigated previously.  
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Summary of objectives, hypotheses and key findings 
 
Table 6.1: Summary of the objectives, hypotheses and key findings 
Objectives Hypotheses Summary of key findings 
1. To determine the 
incidence or rates of 
fractures, their common 
sites of occurrence, 
their causes and the 
grades of trauma 
associated with 
fractures in urban South 
African children of 
different ethnic groups 
from birth until 17/18 
years of age 
South African black 
children fracture less than 
white children. 
All ethnic groups have a 
similar pattern of age and 
sex related distribution of 
fractures 
Prevalence of fractures in 
white children is double that of 
black and mixed ancestry 
groups. 
There was a similar pattern of 
age and sex related distribution 
of fractures in all ethnic 
groups. 
Fractures in white boys were 
associated with sport related 
activities, a pattern not found 
in the black and mixed 
ancestry groups. 
2. To investigate the 
associations between 
fracture prevalence at 
15 years of age and 
bone mass, body 
composition and 
physical activity at ages 
10 and 15 years in these 
children. 
 White males who fractured 
were significantly taller, more 
physically active, and had 
higher lean mass. White 
females who fractured were 
fatter. White males who 
fractured had greater BA and 
BMC adjusted for height and 
weight.  
Bone mass and anthropometric 
measurements in black 
children did not differ between 
those with and without a 
history of fractures. 
3. To assess the fracture 
patterns and bone mass 
of South African 
adolescent-biological 
mother pairs. 
 
 
Maternal bone mass is 
associated with fracture 
prevalence in their 
adolescent offspring.  
There is a strong 
association between 
mothers’ and their 
adolescents’ bone mass 
measurements. 
 
An adolescent’s risk of lifetime 
fracture decreased with 
increasing maternal LS BMC 
and increased if they were 
white, male, or had a sibling 
with a history of fracture. 
Maternal BA and BMC and 
white ethnicity were positive 
predictors of adolescent bone 
mass.  
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4. To determine if a 
familial association 
exists between first 
degree relatives 
(biological mothers and 
siblings) and the cohort 
children of different 
ethnic groups with 
regard to the prevalence 
of fractures. 
A history of fractures in 
the mother or other 
siblings is associated with 
a history of fractures in 
the adolescent. 
 
White adolescents and their 
mothers had a higher fracture 
prevalence compared to the 
black and mixed ancestry 
groups.  
The adolescent’s risk of 
fracture was 50% greater if a 
sibling had a history of 
fracture. 
 
 
Strengths of the thesis 
This study comprised both retrospective and prospective longitudinal aspects on a 
large cohort of urban South African children which is representative of the different ethnic 
groups in proportion to the population statistics.  
 
The novel findings of this thesis are summarised below and are placed in context with the 
current world literature or research pertaining to the field of bone mass and fractures in 
children. 
1) I have shown that white children fracture more than children from black and mixed 
ancestry groups. This is a novel finding, but is in keeping with previously reported 
differences in hip fracture rates between South African black and white adults. 
Similarly African-American women have a lower fracture risk than white women at 
every level of bone mineral density. A recent study from the US has reported that 
white children have a higher prevalence of fracture at all time points compared to 
non-whites regardless of sex. Other studies indicate that African-American and 
Hispanic children in the USA have significantly greater bone strength than Caucasian 
146 
 
children and the differences in fracture rates reported between these different ethnic 
groups in adulthood may be traced back to these differences in bone strength in 
childhood.   
 Our research group has previously shown in the Bt20 cohort, that black children have 
a higher hip, mid-radial and lumbar spine bone mass and that adult black women have 
greater hip BMD than their white peers, supporting the hypothesis of a genetic 
protection against low bone mass and fractures in black children and post-menopausal 
women. More recently it has been shown that South African black children have 
greater bone strength as measured by pQCT, however the association between 
fracture risk and bone strength or geometry in South African children has to be further 
investigated. It is postulated that structural differences in bone geometry provide 
protection against fractures in black South Africans. 
 
The proportion of white boys and girls fracturing in the first 15 years of life in this 
Bt20 study is similar to that reported in Caucasian children in developed countries, 
such as in Europe and USA. Upper limb or radial fractures were the most common 
types of fractures in both sexes and in all ethnic groups.  
There was a significant difference in the grading of trauma associated with fractures 
between the white and black South African children with a greater percentage of 
whites sustaining fractures due to sport related activities compared to the black and 
mixed ancestry groups. The association of fractures with physical activity has also 
been reported from developed countries. The lower physical activity levels in black 
than white South African children are probably related to the lack of organized 
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sporting activities in schools attended mainly by black subjects and the poorer socio-
economic status of black families. 
Whether the reported ethnic differences in fracture rates and bone mass are largely 
explained by environmental or genetic factors is unclear and requires to be further 
investigated.  
2) This is the first study to demonstrate heterogeneity in the pathogenesis of   fractures in 
children of different ethnic backgrounds.  
In white males, increased physical activity (formal sport), possibly leading to a greater 
opportunity for injury, is an associated factor to their increased incidence of fractures 
despite bone area and mass of those fracturing being greater than those who did not 
fracture. This however is not a novel finding as a study in a high-income country 
(United Kingdom) with predominantly white study participants showed that daily or 
more vigorous physical activity increased fracture risk despite those participating in 
sporting activities having a higher BMD.  
Recently, our research group has shown that black children in the Bt20 cohort have 
greater bone strength as measured by pQCT, however the association between fracture 
risk and bone strength or geometry has to be further investigated. 
In keeping with other studies worldwide, white females with fractures had a higher 
BMI than their peers who did not fracture.   
An interesting and novel finding was that we were unable to find any associations 
between physical activity or body composition and fractures in the black children. 
Though black children are less physically active than white children, this does not 
seem to impact negatively on their bone mass as has been shown in previous studies 
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from the Bt20 cohort, nor on their fracture risk. Despite an increasing but similar 
prevalence of overweight or obesity in both black and white females, there does not 
appear to be an association between fat mass, adiposity and fracture risk in black girls 
or boys.   
Bone area and BMC were increased at nearly all sites in obese/overweight children at 
10 years of age compared to their non-obese peers across all ethnic and sex groups. 
There are contradictory reports in the literature of the effect of overweight or obesity 
on skeletal mass in children but most studies have found normal or increased BMC in 
obese children, although some studies have also shown that obese children with 
fractures may have narrower bones.   
 
3) To my knowledge, this is the first study to describe familial characteristics of fracture 
patterns in childhood and adolescence and their relationship with bone mass 
measurements in adolescent-biological mother pairs of different ethnic backgrounds. 
There is a strong ethnic component in fracture patterns within South Africa as the 
prevalence of fractures is higher in white South African families compared to the other 
ethnic groups. In addition, the prevalence of sibling fractures was significantly higher 
in families in whom adolescents had fractured than in families whose adolescents had 
not fractured. Similar evidence of fracture association among siblings has been 
reported from Poland. However, this thesis was unable to show any association 
between the history of childhood/adolescent fractures in mothers and the prevalence of 
fractures in their adolescent offspring within each ethnic group.  
Our studies have been unable to show an association between the risk of childhood 
fractures and bone mass at 17/18 years of age for the entire group. This is not a 
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surprising finding as there are conflicting results concerning the association between 
childhood fractures and bone mass around the time of peak bone mass attainment.  
Despite the lack of a relationship between childhood or adolescent fracture risk and 
bone mass, the most important novel finding of this study was that 1 SD increase in 
maternal LS BMC reduced the risk of fracture in children by 24%. Thus, the 
association between maternal LS BMC and adolescent fracture risk might be a proxy 
for structural differences in the adolescents, with low maternal BMC indicating poorer 
adolescent bone strength rather than differences in bone mass per se. 
Maternal bone mass was also an independent predictor of adolescent BA and BMC, a 
finding previously reported by researchers in many studies, who have found positive 
correlations between BMD in mother/daughter, mother/son and parent/children pairs.  
The findings outlined above leave us with an unanswered question: Does genetics play 
a major role in determining fracture patterns and bone mass across all ethnic groups? 
 
Limitations of the thesis 
A major limitation of this study is the self-reporting of historical childhood fractures in 
adolescents, their siblings and their mothers. Being historical, I could not verify the occurrence 
of the fracture, its site, or if x-rays confirmed the presence of a fracture. However, this was 
probably not a major factor in the study as at all ages of the adolescents the findings were 
consistent between the ethnic groups. The sites of the reported fractures were confirmed with 
the aid of a skeletal diagram and completed by the parent or primary caregiver.  
Another possible limitation was the small number of subjects in several of the ethnic 
groups, including the white group in the Bone Health cohort. Despite the small numbers, this 
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study was able to document statistically significant differences in bone size and area and 
physical activity between the white boys who did and did not fracture. The Indian children 
were excluded from most of the analyses of the Bt20 cohort as the numbers were too small to 
make a meaningful comparison with other ethnic groups.  
This study did not include confounding variables such as vitamin D levels, calcium 
intake or socioeconomic status but ethnic differences investigating the influences of these 
confounders on this cohort that has been previously reported by colleagues have been 
incorporated into the discussion. 
 
Future research 
Many questions remain unanswered regarding the pathogenesis of fractures in children 
worldwide. Our multi-ethnic population and the availability of  many sophisticated techniques 
to measure bone mass, structure and strength and possible relevant associated factors provide 
ideal opportunities to continue the research in South Africa.  
My future goals in bone health research are to perform additional prospective studies on 
the participants from the Bt20 cohort (a multi-ethnic population) focusing on bone health and 
future risk of fractures during adulthood. This will entail more detailed research looking into 
the nature, specific levels of trauma or activity and incidents causing fractures and more 
importantly, differentiating between measures of bone mass and bone structure or strength as 
underlying predisposing factors for fractures. The current study in this thesis has focused 
mainly on bone mass measurements in relation to fracture risk rather than focusing on bone 
structure and strength which needs to be investigated at all stages of bone development (bone 
growth, peak bone mass and during the post-menopausal period). These new findings might 
provide insight into why there may or may not be differences in bone mass, structure, strength 
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and fractures in individuals of different ethnic backgrounds. In addition, genetic, 
socioeconomic and environmental predisposing factors to fractures in relation to bone mass 
measurements need to be thoroughly investigated.  
With these rapidly changing economical, lifestyle and environmental patterns, I am more 
inclined to advocate for further bone health research to be performed on the next generation of 
children to follow on from the Bt20 cohort. Furthermore, research in this younger group would 
be more structured and eliminate many limitations encountered in the current study.   
To strengthen these research studies in our new generation, collaborations with other 
groups such as ALSPAC in the UK and others in USA so that comparisons can be made with 
African Americans and whites to our South African ethnic groups; would be mandatory to 
determine if similar ethnic differences persist worldwide. 
 
These are the more detailed research questions that were not addressed in this thesis and that 
should be investigated in the future (the methodology of which was briefly outlined above):   
1. What are the differences in bone geometry, strength and structure in urban South 
African children in different ethnic groups with and without fractures and do these 
differences persist into old age? 
2. What are the effects of fat (or body composition) on bone and fracture risk in children 
of different ethnic backgrounds?  
3. Is pQCT a superior tool in determining fracture risk and low bone mass compared to 
DXA measurements in children?  
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4. How do gene-environmental interactions affect bone mass and fracture risk in children 
of different ethnic backgrounds? 
5. Which genes are responsible for low bone mass and increased fracture risk in children 
from different ethnic backgrounds? 
6. What are the early life variables and maternal risk factors for fractures in relation to 
bone mass in urban South Africans of different ethnic backgrounds? 
7. Does socioeconomic status affect fracture risk independent of bone mass? 
8. Is there an increased risk of osteoporotic fractures during adulthood in children with 
fractures and if so, what are the predisposing risk factors?   
9. Will there be a change in the pattern and incidence of fractures in generations to 
follow with changing lifestyle and environmental influences? 
10. Are there modifiable lifestyle and environmental factors in this cohort and generations 
to follow with regards to improving bone health? 
 
Implications of the study findings 
  This thesis has provided new insights into the pathogenesis of fractures and its 
association with bone mass in children of different ethnic backgrounds. Whether these 
findings in South African children provide a rationale for interventions to improve bone health 
remains debatable. 
This thesis emphasizes that there are ethnic differences in fracture prevalence and bone 
mass in children of different ethnic backgrounds. Whether these relate to differences in dietary 
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patterns (especially calcium and protein intakes) and socio-economic status among the 
different ethnic groups is unclear. Not only should medical practitioners but all South Africans 
be made aware that fracture injuries in childhood are not an uncommon occurrence and that 
black children fracture less compared to other ethnic groups. Fractures during childhood have 
proven to be a significant health burden that health workers and parents face with nearly 40-
50% of white children sustaining at least one fracture during childhood and adolescence. This 
high incidence of childhood fractures is largely due to increased physical activity in white 
males. Thus exposure to injuries is an important determinant of fracture risk in healthy 
children.  
In order to decrease the incidence of childhood fractures in South Africa and to 
optimize their bone mass and bone health from an early age, healthy eating patterns and 
exercise regimens implemented in the physical education programs of schools and sports clubs 
may be valuable.  
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Conclusion 
My thesis was based on a cohort of children born in 1990 from the heart of an urban 
area (Johannesburg) in South Africa. The findings of this thesis are reflective of the current 
modern day adolescent or youth of South Africa from multiethnic backgrounds with differing 
socioeconomic circumstances and environmental exposures.  Despite the poorer SES 
circumstances that black children were exposed to, there were important favourable ethnic 
differences noted in black children with regards to bone mass and fracture risk compared to 
white children in South Africa. 
The salient findings of my thesis are that South African white children fracture more 
than black, Indian and mixed ancestry children which are consistent with findings in black and 
white postmenopausal women. Secondly, an adolescent’s risk of fracture is decreased if 
his/her mother had a greater lumbar spine BMC. These findings suggest that blacks may have 
genetic protective factors against fractures and low bone mass and that greater maternal bone 
mass decreases fracture risk in children.   
Together with Mandela’s legacy in fostering racial reconciliation have come changes 
in lifestyles and environmental influences that may, in combination, alter the effect of genetic 
protective factors against fractures and low bone mass in blacks.  The changing dietary 
patterns with increasing incidence of obesity in children and adolescents, the differing levels 
of physical activity and modified lifestyle behaviours may influence fracture patterns and bone 
health in the future. To maintain greater maternal bone mass that is protective against fracture 
risk in children, parental influences and behaviours for optimal bone health also need to be 
addressed hand-in-hand with that of their children. Whether lifestyle and behavioural changes 
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will positively or negatively influence bone health is questionable and will require ongoing 
research in this field. 
However, in order to decrease the burden of fractures in children and osteoporosis risk 
in later life, bone healthy diets and modifiable lifestyle behaviours to improve bone health in 
children and their parents need to be adopted and further research with longitudinal studies 
must be conducted, in this diverse multi-ethnic cultural country, South Africa.    
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APPENDIX B  
Birth to Twenty – Year 15 - Adolescent Fracture Questionnaire 
 
Bt20 ID Number:   
 
Bone Health Number: 
 
 
                  If the box states YES please complete Section A and C   
If the box states NO please complete Section B  
 
Section A – Verification 
You told us you broke / fractured bones in your body _________ times.  I would just like to make sure that we have the correct 
information: 
 
Incident 
Number 
Which side of 
your body? 
(Right / Left) 
Which bone did you 
break / fracture? 
When did this 
happen? 
(Year / Age) 
How did this happen? 
1.              
2.     
3.     
4.     
  
 
Section B – Please complete 
Have you ever broken / fractured a bone in your body?   
 
IF YES, how many times in total have you broken / fractured a bone in your body? 
 
If Yes, please tell me about the different times this occurred. 
 
Incident 
Number 
Which side of 
your body 
(Right / Left)  
Which bone did you 
break / fracture? 
When did this 
happen? 
(Year / Age) 
How did this happen? 
1.     
2.     
3.     
4.     
5.     
 
 
Section C – Please complete 
 
Did you break / fracture a bone in your body in the past 12 months?   
 
If Yes, please tell me about this event/s. 
 
Incident 
Number 
Which side of 
your body 
(Right / Left)  
Which bone did you 
break / fracture? 
When did this 
happen? 
(Year / Age) 
How did this happen? 
     
2.     
3.     
4.     
5.     
 
Yes No 
 
Yes No 
 
APPENDIX C – Year 17 Adolescent fracture questionnaire 
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 BIRTH TO TWENTY BARA SITE:  17TH YEAR 
ADOLESCENT FRACTURE QUESTIONNAIRE 
 
BTT ID NUMBER :       
                                                           
 
Did you break / fracture a bone in your body in the past 24 months (2 years)?   
 
If Yes, please tell me about this event/s. 
 
Incident 
Number 
Which side 
of 
your body 
(Right / 
Left)  
Which bone did you break / fracture? 
Please MARK the sites of fractures on 
the skeleton provided at the back of the 
page and number the fractures in order 
of occurrence with the year or age of 
occurrence next to the fracture. 
When did 
this 
happen? 
(Year / 
Age) 
How did this happen? Please choose from the 
options provided in the table below and enter 
for e.g.  2.2 and if not listed in the table then 
describe what happened 
1. 
 
    
2. 
 
    
3. 
 
    
4. 
 
    
5. 
 
    
 
GRADE 1 (Slight trauma) 
1.1  Falling to the ground from standing on the same level (e.g while walking you slipped and fell and had a fracture) 
1.2  Falling from less than 0.5m (falling from stools, chairs and beds) 
 
GRADE 2 (Moderate trauma) 
2.1  Falling from between 0.5 – 3 m (e.g. a wall or jungle gym or tree) 
2.2  Falling down stairs, from a bicycle, roller blades, skateboard or swing  
2.3  Playground scuffles (e.g. wrestling or boxing)  
2.4  Sport injuries (e.g. soccer, rugby, netball, hockey etc) 
2.5  Slamming fingers into a door or knocking against a solid object 
 
GRADE 3 (Severe trauma) 
3.1  Falling from a height > 3 m (falls from windows or roofs)  
3.2  Motor vehicle or pedestrian accidents 
3.3  Injuries caused by heavy moving or falling objects (e.g. bricks or stones) 
4. Do not recall or cannot remember 
 
Quality checked by:    Date:  
 
 
 
Yes No 
 
   APPENDIX D 
BIRTH TO TWENTY STUDY: 17TH YEAR 
CAREGIVER’S QUESTIONNAIRE ABOUT FRACTURES IN THEIR 
CHILDREN 
BTT ID NUMBER:                                              BONE STUDY ID NUMBER: 
                                                       
1.  How many children do you have besides the child that is enrolled on the Birth to Twenty Study? ____________________ 
 
2. Of these siblings, have any of them fractured or broken a bone/s? 
 
YES   NO                     If YES, how many siblings have fractured? ______  
 
AND please tell me about the gender and the different times this occurred in each sibling 
 
SIBLING 1:   Male                  Female   
 
Incident 
Number 
Which side of 
your body? 
(Right / Left) 
Which bone did you break / fracture? Please 
MARK the sites of fractures on the skeleton 
provided at the back of the page and number 
the fractures in order of occurrence with the 
year or age of occurrence next to the fracture. 
When did this 
happen? 
(Year / Age) 
How did this 
happen? Please 
choose from the 
options provided 
in the table on the 
next page and 
enter for e.g  2.2 
and if not listed in 
the table then 
describe what 
happened 
1.              
2.     
3.     
4.     
5.     
 
     SIBLING 2:   Male                  Female   
 
Incident 
Number 
Which side of 
your body? 
(Right / Left) 
Which bone did you break / fracture? Please MARK 
the sites of fractures on the skeleton provided at the 
back of the page and number the fractures in order of 
occurrence with the year or age of occurrence next to 
the fracture. 
When did this 
happen? 
(Year / Age) 
How did this 
happen? Please 
choose from the 
options provided 
in the table on the 
next page and 
enter for e.g  2.2 
and if not listed in 
the table then 
describe what 
happened 
1.              
2.     
3.     
4.     
5.     
 
 
 
 
 
 
 
 SIBLING 3:   Male                  Female   
 
Incident 
Number 
Which side of 
your body? 
(Right / Left) 
Which bone did you break / fracture? Please MARK 
the sites of fractures on the skeleton provided at the 
back of the page and number the fractures in order of 
occurrence with the year or age of occurrence next 
to the fracture. 
When did this 
happen? 
(Year / Age) 
How did this happen? 
Please choose from the 
options provided in the 
table on the next page 
and enter for e.g  2.2 
and if not listed in the 
table then describe 
what happened 
1.              
2.     
3.     
4.     
5.     
 
GRADE 1 (Slight trauma) 
1.1  Falling to the ground from standing on the same level (e.g while walking you slipped and fell and had a fracture) 
1.2  Falling from less than 0.5 metres (falling from stools, chairs and beds) 
GRADE 2 (Moderate trauma) 
2.1  Falling from between 0.5 – 3 metres (e.g a wall or jungle gym or tree) 
2.2  Falling down stairs, from a bicycle, roller blades, skateboard or swing  
2.3  Playground scuffles (e.g wrestling or boxing)  
2.4  Sport injuries (e.g soccer, rugby, netball, hockey etc) 
2.5  Slamming fingers into a door or knocking against a solid object 
GRADE 3 (Severe trauma) 
3.1  Falling from a height > 3 metres (falls from windows or roofs)  
3.2  Motor vehicle or pedestrian accidents 
3.3  Injuries caused by heavy moving or falling objects (e.g bricks or stones) 
4. Do not recall or cannot remember 
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 BIRTH TO TWENTY STUDY:  17TH YEAR 
MOTHER’S QUESTIONNAIRE ABOUT FRACTURES 
 
 
DATE:  Day   Month    Year  
 
BTT ID NUMBER:       
 
BONE STUDY ID NUMBER:                                                           
 
 
                                                       
1. Are you the biological mother of the adolescent enrolled in Birth to twenty? 
 
YES   NO                     If YES, how many times have you fractured in your  
 
childhood up to the age of 18 years? ______  
 
AND please tell me about the different times this occurred if you can recall 
 
 
Incident 
Number 
Which 
side of 
your 
body? 
(Right / 
Left) 
Which bone did you break / fracture? 
Please MARK the sites of fractures on the 
skeleton provided at the back of the page. 
How did this happen? Please choose 
from the options provided in the table 
below and enter for e.g  2.2 and if not 
listed in the table then describe what 
happened 
1.             
 
2.    
 
3.    
 
4.    
 
5.    
 
 
 
 
 
 
GRADE 1 (Slight trauma) 
1.1  Falling to the ground from standing on the same level (e.g while walking you 
slipped and fell and had a fracture) 
1.2  Falling from less than 0.5 metres (falling from stools, chairs and beds) 
 
 
 
APPENDIX E 
  
 
GRADE 2 (Moderate trauma) 
2.1  Falling from between 0.5 – 3 metres (e.g a wall or jungle gym or tree) 
2.2  Falling down stairs, from a bicycle, roller blades, skateboard or swing  
2.3  Playground scuffles (e.g wrestling or boxing)  
2.4  Sport injuries (e.g soccer, rugby, netball, hockey etc) 
2.5  Slamming fingers into a door or knocking against a solid object 
 
 
 
GRADE 3 (Severe trauma) 
3.1  Falling from a height > 3 metres (falls from windows or roofs)  
3.2  Motor vehicle or pedestrian accidents 
3.3  Injuries caused by heavy moving or falling objects (e.g bricks or stones) 
 
4. Do not recall or cannot remember 
 
 
 
 
 
Research Assistant:  Date:  
  
 
Quality checked by:  Date:  
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 BIRTH TO TWENTY:  17TH YEAR 
ADOLESCENT VERIFICATION OF FRACTURES 
QUESTIONNAIRE 
 
BTT ID NUMBER :                                             Date: _____________ 
 
Dear Caregiver or Adolescent: 
You have been randomly selected from those adolescents who have previously 
reported fractures. Please can you assist us with verifying the information that was 
previously given to us with regard to the number of fractures that your child or you, 
the adolescent has had since birth. To further verify that the fractures were correctly 
diagnosed we require information on the whether the adolescent was seen by a 
doctor/hospital and whether xrays were done and treatment was given. 
  
 Please can you confirm with me, how many times your child or you (the 
adolescent) has fractured a bone/s: _______ 
 
 Please can you confirm the side and site of the most recent fracture and how your 
child or you (the adolescent) had fractured that bone? 
 
 For each fracture can you please complete the following questions : 
 
Fractures 
 
Who diagnosed the 
fracture (doctor, 
nurse or self-
diagnosed)? 
Have you been 
to a hospital, 
clinic or private 
doctor? 
Have 
you had 
an xray 
done? 
Do you 
have the 
xrays? 
What was the 
treatment? 
(POP, sling, 
bandage, traction, 
operation) 
Do you have any 
outpatient files or 
records of the 
fractures 
       
       
       
       
       
 
 If you have any xrays with you can we fetch the xrays from you? Y/ N 
Which side 
of 
your body 
(Right / Left)  
Which bone did you 
break / fracture? 
 
When did 
this happen? 
(Year / Age) 
How did this happen?  
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Abstract
Summary Fracture rates were compared in children of
different ethnic backgrounds from Johannesburg, South
Africa. More white children fracture than black and mixed
ancestry children. Reasons for this may be due to greater
sports participation by whites and genetic protective factors
in blacks. This has to be further investigated.
Introduction Fracture rates in childhood are as high as
those in the elderly. Recent research has been undertaken to
understand the reasons for this, but there is little informa-
tion available on ethnic differences in childhood fracture
rates.
Methods Using the birth to twenty longitudinal cohort of
children, we retrospectively obtained information on frac-
tures and their sites from birth to 14.9 years of age on 2031
participants. The ethnic breakdown of the children was
black (B) 78%, white (W) 9%, mixed ancestry (MA) 10.5%
and Indian (I) 1.5%.
Results Four hundred and forty-one (22%) children had
sustained a fracture one or more times during their lifetime
(males 27.5% and females 16.3%; p<0.001). The percent-
age of children fracturing differed between the ethnic
groups (W 41.5%, B 19%, MA 21%, I 30%; p<0.001).
Of the 441 children reporting fractures, 89(20%) sustained
multiple fractures. The most common site of fracture was
the upper limb (57%).
Conclusion More white children fracture than black and
mixed ancestry children. This is the first study to show
ethnic differences in fracture rates among children. The
reasons for these differences have to be further elucidated.
Greater sports participation by whites and genetic protec-
tive factors in blacks may be contributing factors.
Keywords Black . Children . Ethnicity . Fractures .
Incidence .White
Introduction
Fracture rates in childhood are as high as those in the
elderly [1], and the incidence of childhood fractures is
probably rising in the developed world [2, 3]. The type and
incidence of fractures in childhood vary with gender, age
and site; however there is little information on ethnic
differences in childhood fracture rates. The incidence of
fractures is lower in African-American post-menopausal
women than in white women in the United States [4, 5]. A
similar ethnic difference in hip fracture prevalence is seen
between white and South African black women [6].
Information on the pattern and incidence of childhood
fracture rates amongst the various South African ethnic
groups has not been investigated previously. Thus, the aim
of this study was to determine the rates of fractures and site
distribution of and activity-related risk factors for fractures
in children of different ethnic origins. We hypothesized that
1) South African black children would fracture less than
white children, similar to the pattern in the post-menopausal
South African population; and 2) all ethnic groups would
have a similar age and sex-related distribution of fractures.
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Materials and methods
Subjects
The Birth to Twenty study is a cohort of urban children,
which included all neonates delivered within the public
sector hospitals between April 23 to June 8 1990 and
who were resident in the greater Johannesburg area six
months after delivery, with the aim to track their growth,
health, well-being and educational progress. 3273 single-
ton children were enrolled. The total cohort is demo-
graphically representative of long-term resident families
living in Johannesburg–Soweto. However, the cohort
under represents white children due to white families
utilizing private practitioners and facilities and thus not
being enrolled. To compensate for this, at the age of
10 years, we recruited a supplementary sample of 120
white children born during the same period in 1990 into
the bone health sub-study of the Birth to Twenty cohort.
Of the 3273 children in the cohort initially, contact has
been maintained with more than 70% at the age of
16 years. A cohort profile describing the study sample,
research objectives and attrition has been documented by
Richter et al. [7]. Data from 2031 children were analyzed
for this study. The ethnic breakdown of the study sample
was predominantly black (B) (1600 [78%]), with the
remainder of the cohort being made up of white (W) (188
[9%]), mixed ancestry (MA) (213 [10.5%]) and Indian(I)
(30 [1.5%]). Children who had chronic diseases such as
rheumatoid arthritis, epilepsy and asthma were excluded
from the data analyses, as the use of certain medications
and immobility are associated risk factors for low bone
mass and may increase the incidence of fractures. All
subjects provided assent and their parents provided written,
informed consent; ethical approval having been obtained
from the University of Witwatersrand Committee for
Research on Human Subjects.
Questionnaire
A fracture questionnaire was completed by each adolescent
at age 15 years and verified for completeness and accuracy
by the parent or primary caregiver of the child. The
questionnaire included information on previous fractures,
their sites with the aid of a skeletal diagram, the causes and
age at fracture. The grading of severity of trauma causing
fractures was classified into slight (grade 1), moderate
(grade 2) or severe (grade 3) (Table 1). The definitions were
slightly modified from Landin [3] and Manias et al. [8] to
be appropriate for local conditions.
Data analysis
Data were analyzed using Statistica statistical software
version 7.0 (StatSoft, USA). Standard statistical measures
such as chi-square were used where appropriate. A p-value
of <0.05 was considered to be statistically significant.
Fracture rates were calculated as the number of new cases
or fractures divided by total person-time of observation.
Because of the small number of subjects in the Indian
ethnic group, statistical analyses generally did not include
this group.
Results
Of the 2031 subjects, four hundred and forty-one (22%)
children had one or more fractures during their lifetime.
(Table 2) The highest percentage of children with a history
of fractures was in the white population (41.5%), followed
by the Indian (30%), mixed ancestry (21%) and the black
Table 1 Grades of trauma causing fractures
Grade Cause
Grade 1 (Slight) Falling to the ground from standing on the
same level
Falling from less than 0.5 metres (falling
from stools, chairs and beds)
Grade 2 (Moderate) Falling from between 0.5 – 3 metres
Falling down stairs, from a bicycle, roller
blades, skateboard or swing
Playground scuffles
Sport injuries
Grade 3 (Severe) Falling from a height >3 metres (falls from
windows or roofs)
Motor vehicle or pedestrian accidents
Injuries caused by heavy moving or falling
objects (e.g., bricks or stones)
Table 2 The number of children who sustained fractures over the
first 15 years of life according to ethnicity and sex
Ethnicity All children Number of children with fractures
Total children
with fractures
Males Females
N N (%) (%) (%)
White 188 78 41.5 47 36
Indian 30 9 30 43 19
Mixed ancestry 213 44 21 26 15
Black 1600 310 19 25 14
Total 2031 441 22 27.5 16.3
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(19%) populations. (Table 2) There was a significant
difference between the ethnic groups in the percentage of
children who had fractures over the 15 years (p<0.001). No
further data are shown on the Indian subjects as the results
are unreliable due to low numbers. A higher percentage of
white males (47%) and females (36%) had fractured
compared to those in the black (25% and 14% respectively)
and mixed ancestry (26% and 15% respectively) ethnic
groups. (Table 2) The overall fracture rate over the first
15 years of life was 18.5/1000 children/annum. The age
distribution and peak rates of fractures were similar
between the black and mixed ancestry ethnic groups, but
the fracture rates were higher at all ages in the white
population. (Figure 1) The fracture rate over the first
15 years of life was three times greater in the white group
than in the black and mixed ancestry groups (W 46.5 [95%
CI 30.4–58.3]; B 15.4 [95% CI 9.8–20.1]; MA 15.6 [95%
CI 7.7–23.5] /1000 children/annum, p<0.001). First frac-
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Fig. 1 Fracture rates per year
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Osteoporos Int
ture was more common in the white group than in the black
and mixed ancestry groups (W 31.2 [95% CI 19–41.6]; B
12.9 [95% CI 8.7–16.4]; MA 13.8 [95% CI 6.9–20.6] /1000
children/annum; p<0.001).
More boys than girls sustained fractures (27.5% vs.
16.3%; p<0.001) throughout all age groups except in the
first year of life. (Figure 2) Of all fractures, 64% occurred
in males. The peak age of fractures was between 11–
14.9 years for the sexes combined. The peak fracture rate
for girls was between 11–13.9 years of age during which
period 10% fractured and between 11–14.9 years of age for
boys when 19% fractured. The fracture rate from 11–
14.9 years of age in white males was almost three times
higher than in black males (101.1 [95% CI 59.9–142.4] vs.
37.3 [95% CI 19.5–55.2] /1000 children/annum, p<0.001)
and double that of the mixed ancestry group (49.5 [95% CI
10–89] /1000 children/annum, p<0.002). The fracture rate
from 11–13.9 years of age in white females was three times
greater than in black (60.6 [95% CI 17.1–104.1] vs. 17
[95% CI 9–25.1] /1000 children/annum; p<0.001) and
mixed ancestry females (18.7 [95% CI -4.6–41.9] /1000
children/annum; p<0.003).
Of the 441 children reporting fractures, 80% sustained a
single fracture and 20% fractured on more than one
occasion. More boys than girls sustained two or more
fractures (23% vs. 15% of those fracturing; p<0.001). The
maximum number of fractures sustained by an individual
was five.
The most common site of fracture for both sexes across
the ethnic groups was the upper limb (57%) (Fig. 3). Other
fracture sites included the neck, ribs, pelvis, face, vertebrae
and skull. The fracture rate at each site was highest in white
children (p<0.025) (Fig. 3). Fracture rates at the different
sites were similar in the black and mixed ancestry groups,
but lower than in white children.
Most fractures occurred as a consequence of grade 2
trauma within all ethnic groups. There was a statistically
significant difference in the grades of trauma causing
Table 3 Grades of trauma causing fractures versus ethnicity and sex
Grades of trauma causing fractures All fractures occurring in individuals according to grades of trauma
Black* White Mixed ancestry
Males** n (%) Females n (%) Males n (%) Females n (%) Males n (%) Females n (%)
Grade 1 61 (25) 41 (32) 10 (13.5) 9 (16) 9 (26) 7 (44)
Grade 2 151 (62) 70 (55) 56 (76) 38 (67) 21 (62) 7 (44)
Grade 3 28 (12) 16 (12.5) 7 (9.5) 9 (16) 3 (6) 2 (12)
Do not recall 2 (1) 1 (0.5) 1 (1) 1 (1) 1 (3) 0 (0)
Note: The Indian group was excluded due to small number of subjects
* p<0.025 Fractures in blacks associated with lower grades of trauma than in whites
** p<0.035 Fractures in black males associated with lower grades of trauma than in white males
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fractures between the white and black ethnic groups (p<
0.025), with whites generally fracturing at more severe
levels of trauma. (Table 3).
Discussion
This study shows that fracture rates in children in South Africa
vary across the different ethnic groups, with the percent of
children reporting fractures in the white ethnic group being
almost double that of the black and mixed ancestry groups. As
far as we can ascertain, this is the first comparative study of
children’s fractures across ethnic groups reported in the world.
Numerous studies from developed countries have reported on
the incidence of childhood fractures in defined populations [3,
9–13] and in longitudinal cohort studies [14], but none have
reported on ethnic differences in childhood fracture patterns
and rates. The lower fracture incidence in black than white
children is similar to that noted for femoral neck fractures in
adults in South Africa [6].
The risk of osteoporotic fractures in the elderly is related
to gender and ethnicity. The National Osteoporosis Risk
Assessment (NORA) longitudinal observational study of
osteoporosis among postmenopausal women in primary
care practices compared white, Asian, Hispanic and Native
American women in terms of osteoporosis risk and showed
that these ethnic groups are more at risk for osteoporosis
than African-American women [15]. Similarly African-
American women have a lower fracture risk than white
women at every level of bone mineral density and this
relationship is largely explained by environmental and
genetic factors that need to be further investigated [16].
Although only 22% of children in the combined cohort
reported fractures, 41.5% of white children suffered one or
more fractures; this latter figure being comparable to that
found in the Dunedin Multidisciplinary Health and Devel-
opment study whose participants were predominantly
Caucasian [14]. The percentage of fractures in white boys
and girls in the present study is also similar to those
reported by Landin where by the age of 16 years, 42% of
boys and 27% of girls had suffered a fracture [3]; however
they are somewhat higher than those reported from a cross-
sectional study in Poland, in which 30% of 1246 respond-
ents had fractured by the age of 16 to 20 years [13]. In the
current study, the fracture rate in white children were three-
fold that found in the black and mixed ancestry groups and
more males than females sustained multiple fractures, the
latter finding being in keeping with other population based
studies[3, 9, 12–14,17]. The reasons for the increased
fracture rate in boys may be due to the fact that males are
more involved in contact and high impact team sports than
girls and tend to spend more time outdoors playing [13].
Landin reported a fivefold increase in fracture rates caused
by sports between 1950 and 1979 in Sweden [3]. The fact
that more males sustained multiple fractures supports the
evidence for sport playing a role in the increased fracture
rate in males. There was a significant difference in the
grading of trauma associated with fractures between the
white and black children suggesting that sport and physical
activity plays a role in the increased rate of fractures in the
white group. We have previously reported lower physical
activity levels in black children [18], which is related to the
lack of organized sports in schools attended mainly by
black subjects and the poorer socio-economic status of the
black families [19]. McVeigh et al. previously reported that
white males at age 9 and 10 years from the same Birth to
Twenty longitudinal study had the highest physical activity
levels and those white male children falling into the highest
quartile of activity exhibited bone mass benefits at the
whole body, total hip and lumbar spine sites [20]. Despite
the highest physical activity levels in white male children,
black children still had a higher hip, mid-radial and lumbar
spine (girls only) bone mass and similar values to their
white peers at other sites[18, 20]. These findings support
the hypothesis of a genetic protection against low bone
mass and fracture in blacks. Fractures on average were
reported to have occurred at a higher energy level in white
children but this is unlikely to have been due to different
interpretations of the questions by the ethnic groups as a
single researcher classified the degree of trauma resulting in
fractures according to the answers given as to how the
fractures happened. Further, a single interviewer helped
with the questionnaires to eliminate the problem with
language and interpretation of questions.
Upper limb or radial fractures have been repeatedly reported
to be the most common site of fracture in both sexes [3, 9, 12,
14, 17]. This study confirms these findings in all the ethnic
groups. Peak age of fractures for both males and females
found in this study correlate with stages of pubertal growth
and peak height velocities which are compatible with other
studies[3, 9, 13, 14].
Limitations of the study include the fact that the results for
Indian children are unreliable due to very small number of
subjects included in the cohort. Recall bias might be another
limitation as the diagnosis of all fractures was based on recall
by the subject and the parent or caregiver and was not
confirmed with radiological assessments; however this was
probably not a major factor in the study as at all ages the
findings were consistent between the ethnic groups. The
methodology of year 15 data collection on fractures was able
to confirm the age, site and cause of previous fractures that
had been recorded at year 13 and also collected information
on new fractures occurring between 13 and 15 years. In
addition, all questionnaires had a skeletal diagram attached to
verify the site of fracture and the information was verified for
accuracy and completeness by the parent or primary caregiver.
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The chances of a fracture not being diagnosed in the
different ethnic groups are unlikely to have differed despite
having access to different levels of health care as health care
in the public sector is free for all children. Both public and
private health facilities in urban areas would perform routine
radiological assessments to confirm fractures. Further limi-
tations are that there are currently no comparative analyses of
bone mass, potential fracture-associated risk factors, dietary
intake of calcium or vitamin D and measurements of calcium
homeostasis and vitamin D status between the ethnic groups.
Rather than to look at risk factors, the aim of the present
report is to describe the pattern of childhood fractures
amongst different ethnic groups in South Africa.
Conclusion
This is the first study to show that white children fracture
more than children from black and mixed ancestry groups.
When comparing whites to blacks, these findings are similar
to the pattern in the post-menopausal population. The
reasons for this could be more active participation in sport
and physical activity in white children and genetic protective
factors in blacks, which has to be further investigated.
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Heterogeneity of Fracture Pathogenesis in Urban South
African Children: The Birth to Twenty Cohort
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ABSTRACT
South African black children fracture less than white children. Differences in bone mass, body composition, and physical activity may be
contributing risk factors. This study aimed to investigate the association between fracture prevalence, bonemass, and physical activity in
South African children. Using the Bone Health cohort of the Birth to Twenty longitudinal study, we retrospectively obtained information
of lifetime fractures until age 15 years in 533 subjects. Whole-body bone mineral content (BMC), bone area (BA), fat mass (FM), and lean
mass (LM) (measured by dual-energy X-ray absorptiometry [DXA]), anthropometric data, physical activity scores, and skeletal maturity
were obtained at ages 10 and 15 years. Nonfracturing black females were used as the control group and comparisons were made
between those who did and did not fracture within the same sex and ethnic groups. Of the 533 subjects, 130 (24%) reported a
fracture (black, 15%; white, 41.5%; p< 0.001). White males who fractured were significantly taller (10 years, p< 0.01), more physically
active (15 years, p< 0.05) and had higher LM (10 years, p¼ 0.01; 15 years, p< 0.001), whereas white females who fractured were fatter
(10 and 15 years, p¼ 0.05 and p< 0.05, respectively), than their nonfracturing peers. White males who fractured had greater BA and BMC
at all sites at 10 and 15 years compared to their nonfracturing peers after adjusting for differences in height and weight; BA and BMC
were similar in each of the other sex and ethnic groups. No anthropometric or bonemass differences were found between black children
with and without fractures. The factor associated with fractures in white males appears to be participation in sports activities, while in
white females obesity appears to play a role. No contributing factors in black males and females were found, and needs further
elucidation.  2011 American Society for Bone and Mineral Research.
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Introduction
Adult studies have documented ethnic differences in bonemass and fracture risk.(1,2) African American adults fracture
less and have greater areal bone mineral density (BMD) than
white adults,(1) and similarly, South African black women have
greater hip bone mass(3,4) and fracture less compared to South
African white women.(5)
We have previously shown that South African black children
fracture less than white children(6) and at various ages have
greater BMD than their white peers at some sites.(7–10) Recently,
Micklesfield and colleagues(11) have reported that South African
black children, despite having a lower body weight than white
children at age 13 years, have greater diaphyseal bone strength,
as measured by peripheral quantitative computed tomography
(pQCT). This could possibly explain the lower fracture incidence
previously reported in South African black children. The role of
lifestyle factors such as physical activity in determining bone
mass differences has been investigated by McVeigh and
colleagues,(10) who showed an association between physical
activity and bone mineral content (BMC) and BMD only in South
African white children at 9 years of age in the same cohort. No
such relationship was found in black children of the same age.
In South African children, differences in bone mass and
geometry, and physical activity between the ethnic groups may
be contributing risk factors for the different fracture rates
observed. Recent studies in the United Kingdom conclude that
white children have significantly higher fracture rates than other
ethnic groups but the reasons as to why have not been
elucidated.(12,13) To our knowledge there are no studies that have
investigated the contribution of bone mass and physical activity
to ethnic differences in fracture risk. Therefore, the aim of this
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study was to investigate the associations between fracture
prevalence, bone mass, body composition, and physical activity
in urban South African children.
Methods
Study population
Data from 533 children from the Bone Health subcohort of the
Birth to Twenty (Bt20) longitudinal study of child health and
development were used. All eligible children (3273) born within
a 7-week period (April 23 to June 8, 1990) in the greater
Johannesburg metropolitan area in South Africa were originally
recruited for the Bt20 study. The cohort profile has been
previously described by Richter and colleagues.(14) The child’s
ethnic classification was defined by the race classification
currently in use in South Africa for demographic and restitution
purposes. Although the South African government currently
classifies race into black (ethnic Africans), white (Europeans,
Jews, and Middle Easterners), colored (mixed race), and Indian
(Asian), only children for whom both parents were classified as
either white or black were included in this study. The Bone
Health study was constituted as a subcohort of Bt20 when the
children were 9 years of age to investigate in more detail factors
influencing bone mass accretion during puberty and adoles-
cence. A supplementary sample of 120 white children born
during the same period was recruited at the age of 10 years to
increase the white sample size. These supplementary 120 white
children were born during the cohort enrolment dates, but not in
the area; however, there were no differences in birth weight,
maternal age and education, and socioeconomic status between
the supplementary children and the original white participants
of the cohort.
Children who had chronic illnesses such as asthma and
epilepsy were not included in the bone health subcohort, as the
use of certain medications and immobility are associated risk
factors for low bone mass and may increase the incidence of
fractures. Participants were born prior to the human immuno-
deficiency virus (HIV) epidemic in South Africa and thus were
unlikely to suffer from HIV or tuberculosis. The reported
child mortality in the original Birth to Twenty cohort of some
3200 participants by age 10 years was 28 participants and this
number had increased to 40 by age 15 years. The cause of death
was mainly accident/trauma related. Thus the bone mass
demographics were unlikely to be affected by chronic illnesses
or death. All subjects provided assent and their parents/guardian
provided written, informed consent; ethical approval was
obtained from the University of Witwatersrand Committee for
Research on Human Subjects.
Fracture questionnaire
A fracture questionnaire was completed by each adolescent with
the help of his/her parent or guardian at age 15 years. The
questionnaire included information about previous fractures,
their sites with the aid of a skeletal diagram, and the causes and
age at fracture. Due to the retrospective nature of the fracture
data collection, the fractures could not be verified by X-ray.
Anthropometric measurements, skeletal maturity, and
dual-energy X-ray absorptiometry–derived parameters
Anthropometric measurements, skeletal maturity, and bone
mass data were obtained annually but data at age 10 years (pre-
or early puberty) and 15 years (mid- or late puberty) were used
for this study. Height was measured to the nearest millimeter
using a stadiometer (Holtain, Crosswell, UK). Weight was
measured to the last 100 g using a digital scale (Dismed,
Halfway House, South Africa) with participants wearing light
clothing and no shoes. Skeletal maturity was assessed by a
trained expert by scoring bone age from hand radiographs
using the Tanner-Whitehouse bone-specific scoring technique
(TWIII 20).(15)
Total body less head bone area (TBLH BA), total body less head
bone mineral content (TBLH BMC), whole body composition (fat
mass and lean mass), and site-specific measurements of bone
area (BA) and BMC at the radius (R), hip (H), hip neck (HN), and
lumbar spine (LS) were performed using an Hologic QDR 4500A
dual-energy X-ray absorptiometer (DXA) (Hologic, Inc., Waltham,
MA, USA) according to standard procedures (software version
11.2; Hologic).
Assessment of physical activity levels
Questionnaires quantifying total physical activity (PA) for the
previous 12 months were administered at ages 10 and 15 years
via interview. The questionnaire was modified from previous
studies to be appropriate for South African children and results
obtained on this cohort at 9 years of age have been published
previously.(10) The intensity, frequency, and duration of all
physical activities (physical education, extramural school and
club sport, informal physical activity, and active commuting to
and from school) and sedentary activities were recorded. Formal
activities were inclusive of sporting activities at school and club
level, and informal activities included play activities at home or in
the neighborhood outside of school. Physical activity was scored
in minutes per week multiplied by metabolic equivalents (MET, 1
MET is defined as the energy expenditure for sitting quietly,
which for the average adult is approximately 3.5mL of oxygen/
kg body weight/min) according to the classification of Ainsworth
and colleagues,(16) to obtain a measure of physical activity
related energy expenditure (METmins/week). The total, formal,
and informal physical activity scores were thereafter converted
to Z-scores by using the largest nonfracture group (black
females) as the reference group for comparison between those
who did and did not sustain a fracture.
Statistical analyses
Data were analyzed using the Statsoft (Statistica v7.0, 2006;
Statsoft, Inc., Tulsa, OK, USA) package. Individual anthropometric
measurements (height-for-age Z-score [HAZ] and body mass
index [BMI]-for-age Z-score [BAZ]) were calculated using the
World Health Organization (WHO) Anthroplus software (http://
www.who.int/growthref/tools/en). Using logistic regression
analyses, ethnicity and sex were found to be important factors
predicting fracture risk in the entire cohort; therefore, analyses
were performed for each sex and ethnic group separately. Data
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were summarized as means (standard deviations [SDs]) or
medians (interquartile range), depending on the distribution.
Comparisons were made between those who had and had not
fractured within the same sex and ethnic group using chi-square
analysis. A p value of <0.05 was considered to be statistically
significant. The largest nonfracturing group (black females) were
used as the control or reference group to compare with other
groups for whole-body composition and bone mass measure-
ments and physical activity scores. Individual whole-body
composition measurements were compared with the control
group (nonfracturing black females) by calculating Z-scores, by
subtracting the control mean from the participant’s specific
measurement and dividing by the control SD. Bone mass, height,
and weight variables were log-transformed, then BA and BMC
were adjusted for height and weight of the whole cohort using
multiple regression analyses. Thereafter, Z-scores for BA and BMC
of each of the sexes and ethnic groups were derived using data
from nonfracturing black females as the control. Unadjusted
physical activity Z-scores were derived from the control group.
Fracture rates were calculated as the number of subjects who
reported a fracture or the number of fractures divided by total
person-time of observation.
Results
Fracture patterns
Of the 533 subjects in the cohort at 15 years of age, 186 (35%)
were white (W) and 347 (65%) were black (B). The total number of
children who sustained fractures over the first 15 years of life was
130 (24%). Of the 130 children reporting fractures, 70% had
sustained a single fracture and 30% had had more than one
fracture.
The percentage of white children who reported a fracture in
the first 15 years of life was 41.5% (n¼ 78) compared to 15%
(n¼ 52) in black children (p< 0.001). The proportions of white
males (WM) and females (WF) who had fractured were
significantly higher than for black males (BM) and females
(BF), respectively (WM 47% versus BM 37%; p< 0.001 and WF
18% versus BF 11%; p< 0.001).
The overall fracture rate for the first 15 years of life was 23 per
1000 children per annum. White males had the highest fracture
rates per annum followed by white females and then blackmales
and females (Table 1).
The fracture incidence rates for all sites except the lower limb
were significantly higher in the white population (Fig. 1). The
most common site of fracture for the entire cohort was the upper
limb (48%).
Anthropometric and whole body composition
characteristics
Ethnicity (p< 0.001) and sex (p¼ 0.024) were shown by logistic
regression (data not shown) to be important predictors of
fracture risk in the entire cohort, thus further analyses were
performed within the same sex and ethnic groups. Complete
anthropometric and whole body composition measurements
were available on 304 of the 347 black children with fracture data
at mean age of 10.5 years and on 332 of the 347 children at
mean age of 15.5 years. Seven of the 43 black children (16%) at
age 10 years and 2 of the 15 (13%) at age 15 years with
incomplete data had reported a fracture (proportions very similar
to those with complete data, suggesting no selection bias in
those used in the analyses).
Comparing the same ethnic and sex groups with and without
fractures, there were no statistically significant differences in
anthropometry or body composition measurements at age 10 or
15 years between black males or females with and without a
history of fractures at age 15 years (Table 2). Comparing body
mass variables of black males with those of nonfracturing black
females, black males at 10 years and 15 years had a lower fat
mass (p< 0.001) and at 15 years had a greater lean mass
(p< 0.001) (Table 2).
Complete anthropometric and whole-body composition
measurements were available from 101 of the 186 white
children with fracture data at a mean age of 10.6 years and from
116 of the 186 white children at a mean age of 15.7 years. The
major reason for the lack of complete data at the two time points
was an unwillingness of parents or children to take time off from
school for the DXA and radiological studies. Thirty-four of the 85
white children (40%) at age 10 years and 34 of the 70 (48.5%) at
age 15 years with incomplete data had reported a fracture
(proportions very similar to those with complete data, suggest-
ing no selection bias in those used in the analyses).
Comparing the same ethnic and sex groups with and without
fractures, white males who had fractured in the first 15 years of
life were significantly taller (p< 0.01) and had a higher lean body
mass (p¼ 0.01) at the age of 10 years, and remained with greater
lean mass (p< 0.001) at age 15 years compared to their
nonfracturing peers (Table 2). White females who had fractured
had a higher lean body mass at age 15 (p< 0.05) and a higher
BMI at age 10 years (p¼ 0.05) and 15 years (p< 0.05) compared
to the white females who had not fractured (Table 3).
Comparing bodymass variables of the different ethnic and sex
groups with those of nonfracturing black females, white males at
10 and 15 years and white females at 15 years had a greater lean
mass (Table 3).
Associations between fractures, bone mass
characteristics, and physical activity
TBLH BA and TBLH BMC Z-scores adjusted for height and weight
at 10 and 15 years of age were compared between the controls
and the other sex and ethnic groups; and within the same sex
Table 1. Fracture Rates Over the First 15 Years of Life
Ethnic group
Fracture rate
per 1000 children
per annum
95% Confidence
intervals
White males 52.4 28.3–76.5
Black males 14.4 7.6–21.3
White females 37.1 24.6–49.5
Black females 8.4 4.1–12.7
p< 0.01 between white and black males.
p< 0.001 between white and black females.
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and ethnic groups for those who did and did not report a fracture
during the first 15 years of life (Tables 4 and 5).
Comparing the same ethnic and sex groups with and without
fractures, white males who reported a previous fracture/s during
the first 15 years of life had greater BA and BMC at all sites at age
10 years (Table 4), and at 15 years (Table 5) than their
nonfracturing peers. There were no significant differences in
either BA or BMC at age 10 or 15 years in black or white females
or in black males between those who did or did not fracture at
age 10 and 15 years (Tables 4 and 5).
Comparing bonemass variables of the different ethnic and sex
groups with those of nonfracturing black females, white males
with fractures and white females with and without fractures at
10 years had greater BA and BMC at most sites and black males
without fracture had lower BA and BMC at all sites (Table 4). The
number of black males with fractures was too small to make a
meaningful comparison. At 15 years, all white males and females
and black males had greater BA and BMC compared to the
nonfracturing black female controls (Table 5).
Table 6 compares total physical activity Z-scores (combining
formal and informal activities) at ages 10 and 15 years between
children with and without a history of fractures at age 15 years.
White males who reported a fracture during the first 15 years of
life participated in more physical activity at age 10 years (formal
only; p< 0.05) and at 15 years (total and informal; p< 0.05 and
p< 0.01, respectively) compared to white males with no fracture
history. Fracture risk was positively associated with physical
activity; at age 15 years for every 1 SD increase in formal physical
activity (Z-score of METmins/week) the odds ratio for fracturing
was 2.2 (95% CI, 1.22–3.97; p< 0.01) and for every 1 SD increase
in total physical activity (Z-score METmins/week) the odds ratio
for fracturing was 1.78 (95% CI, 1.06–3.00; p< 0.05). There was no
Fig. 1. Fracture incidence rates per annum at the different fracture sites in white and black children.
Table 2. Anthropometric and Body CompositionMeasurements at 10 and 15 Years of Age of Black Males and Females With andWithout
a History of Fractures at 15 Years of Age
Black females at 10 years Black females at 15 years Black males at 10 years Black males at 15 years
Without
fractures
(n¼ 128)
With
fractures
(n¼ 16)
Without
fractures
(n¼ 140)
With
fractures
(n¼ 17)
Without
fractures
(n¼ 131)
With
fractures
(n¼ 29)
Without
fractures
(n¼ 142)
With
fractures
(n¼ 33)
Chronological age (years) 10.5 (0.26) 10.5 (0.28) 15.6 (0.24) 15.5 (0.25) 10.6 (0.27) 10.5 (0.28) 15.6 (0.26) 15.5 (0.28)
Bone age (years) 9.9 (1.10) 9.8 (0.88) 14.7 (0.62) 14.7 (0.50) 9.9 (0.70) 9.9 (0.76) 14.8 (1.30) 14.73 (1.16)
HAZ scorea 0.41 (0.95) 0.67 (0.65) 0.48 (0.89) 0.52 (0.99) 0.52 (0.90) 0.41 (1.04) 0.13 (0.97) 0.04 (1.01)
BAZ scorea 0.16 (1.21) 0.28 (0.91) 0.60 (1.10) 0.16 (0.94) 0.07 (1.12) 0.11 (0.94) 0.02 (1.13) 0.14 (1.05)
Lean mass Z-scoreb 0.00 (1.00) 0.46 (0.43) 0.00 (1.00) 0.37 (0.48) 0.02 (0.80) 0.08 (0.72) 1.51 (1.35) 1.38 (1.16)
Fat mass Z-scoreb 0.00 (1.00) 0.33 (0.53) 0.00 (1.00) 0.29 (0.49) 0.52 (0.82) 0.61 (0.48) 1.06 (0.93) 1.09 (0.79)
Data presented as mean (SD). There were no significant differences within the same sex and age groups.
HAZ¼height age Z-score; BAZ¼ BMI age Z-score.
aComputed using WHO Anthroplus software.
bThe Z-scores of lean and fat masses of each ethnic and sex groups were derived from the values obtained from the black nonfracturing females.
p< 0.001 significant differences in lean and fat mass Z-scores comparing nonfracturing black females to other ethnic and sex group.
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Table 3. Anthropometric and Body Composition Measurements at 10 and 15 Years of Age of White Males and Females With and
Without a History of Fractures at 15 Years of Age
White females at 10 years White females at 15 years White males at 10 years White males at 15 years
Without
fractures
(n¼ 28)
With
fractures
(n¼ 20)
Without
fractures
(n¼ 44)
With
fractures
(n¼ 19)
Without
fractures
(n¼ 29)
With
fractures
(n¼ 24)
Without
fractures
(n¼ 30)
With
fractures
(n¼ 23)
Chronological
age (years)
10.6 (0.27) 10.6(0.27) 15.7(0.28) 15.7 (0.26) 10.6 (0.22) 10.7 (0.25) 15.7 (0.24) 15.74 (0.25)
Bone age (years) 10.0 (1.24) 10.2 (1.26) 14.6 (0.71) 14.8 (0.48) 10.1 (0.66) 10.2 (0.72) 15.3 (1.06)c 15.8 (0.86)
HAZ scorea 0.17 (1.16) 0.20 (1.17) 0.51 (1.03) 0.25 (1.01) 0.08 (1.15)d 0.88 (1.11) 0.43 (1.11) 0.90 (1.08)
BAZ scorea 0.12 (1.06)c 0.52 (1.11) 0.13 (0.94)c 0.73 (1.07) 0.01 (0.86) 0.29 (1.06) 0.02 (0.76) 0.49 (1.02)
Lean mass Z-scoreb 0.34 (1.04) 0.63 (1.15)g 0.51 (0.96)c,f 1.18 (1.30)h 0.36 (0.83)d,f 1.12 (0.77)h 2.78 (1.60)e,h 4.05 (1.51)h
Fat mass Z-scoreb 0.14 (0.77)f 0.27 (0.90)h 0.27 (0.71) 0.15 (1.17) 0.53 (0.50)g 0.28 (0.66) 1.09 (0.78)h 0.87 (0.75)h
Data presented as mean (SD).
HAZ¼height age Z-score; BAZ¼BMI age Z-score; BMI¼body mass index; WHO¼World Health Organization.
aComputed using WHO Anthroplus software.
bThe Z-score of lean and fat masses of each ethnic and sex groups were derived from the values obtained from the black nonfracturing females.
cp 0.05.
dp< 0.01.
ep< 0.001: significant differences within the same sex and age groups.
fp< 0.05.
gp< 0.01.
hp< 0.001: significant differences in lean and fat mass Z-scores comparing nonfracturing black females to other ethnic and sex groups.
Table 4. Bone Area and Bone Mineral Content Z-Scores (Adjusted for Height and Weight) at 10 Years of Age With and Without a History
of Fractures at Age 15 Years
Bone
mass measurements
(Z scores)
Females at 10 years Males at 10 years
Blacks Whites Blacks Whites
Without
fractures
(n¼ 128)
With
fractures
(n¼ 16)
Without
fractures
(n¼ 28)
With
fractures
(n¼ 19)
Without
fractures
(n¼ 130)
With
fractures
(n¼ 29)
Without
fractures
(n¼ 29)
With
fractures
(n¼ 24)
TBLH BA 0.00 (1.00) 0.36 (0.52) 0.32 (1.01) 0.59 (1.14)c 0.30 (0.88)d 0.33 (0.72 0.11 (0.93)b 0.78 (0.79)e
R 1/3 BA 0.00 (1.00) 0.33 (0.53) 0.45 (1.07)c 0.63 (1.19)d 0.31 (0.92)d 0.30 (0.84) 0.21 (1.02)b 0.95 (0.90)e
R mid BA 0.00 (1.00) 0.30 (0.55) 0.54 (1.11)d 0.65 (1.21)d 0.32 (0.94)c 0.28 (0.92) 0.27 (1.06)b 1.05 (0.97)e
R ultra distal BA 0.00 (1.00) 0.28 (0.57) 0.59 (1.13)d 0.66 (1.22)d 0.32 (0.96)c 0.26 (0.98) 0.31 (1.09)b 1.11 (1.02)e
R total BA 0.00 (1.00) 0.30 (0.55) 0.54 (1.11)d 0.65 (1.21)d 0.32 (0.94)c 0.28 (0.93) 0.27 (1.06)b 1.05 (0.97)e
H BA 0.00 (1.00) 0.26 (0.59) 0.63 (1.15)d 0.66 (1.22)d 0.31 (0.97)c 0.25 (1.01) 0.33 (1.11)b 1.15 (1.06)e
HN BA 0.00 (1.00) 0.31 (0.54) 0.50 (1.10)c 0.65 (1.20)d 0.32 (0.93)d 0.29 (0.89) 0.24 (1.04)b 1.01 (0.94)e
LS BA 0.00 (1.00) 0.21 (0.64) 0.69 (1.16)d 0.66 (1.21)d 0.30 (1.00)c 0.21 (1.09) 0.39 (1.13)b 1.22 (1.13)e
TBLH BMC 0.00 (1.00) 0.36 (0.53) 0.31 (1.00) 0.58 (1.14)c 0.30 (0.87)d 0.33 (0.71) 0.10 (0.92)b 0.76 (0.78)e
R 1/3 BMC 0.00 (1.00) 0.35 (0.52) 0.38 (1.04) 0.61 (1.17)d 0.31 (0.89)d 0.32 (0.77) 0.15 (0.96)b 0.85 (0.83)e
R mid BMC 0.00 (1.00) 0.33 (0.53) 0.45 (1.08)c 0.63 (1.19)d 0.31 (0.92)d 0.31 (0.84) 0.20 (1.02)b 0.95 (0.89)e
R ultra distal BMC 0.00 (1.00) 0.36 (0.53) 0.29 (1.00) 0.57 (1.13)c 0.30 (0.87)d 0.33 (0.70) 0.09 (0.91)a 0.75 (0.78)e
R total BMC 0.00 (1.00) 0.34 (0.53) 0.41 (1.06)c 0.62 (1.18)d 0.31 (0.90)d 0.31 (0.81) 0.18 (0.99)b 0.90 (0.86)e
H BMC 0.00 (1.00) 0.33 (0.53) 0.45 (1.07)c 0.63 (1.19)d 0.31 (0.91)d 0.30 (0.83) 0.20 (1.01)b 0.94 (0.89)e
HN BMC 0.00 (1.00) 0.37 (0.53) 0.26 (0.99) 0.56 (1.12)c 0.29 (0.86)d 0.34 (0.68) 0.07 (0.89)a 0.70 (0.76)e
LS BMC 0.00 (1.00) 0.31 (0.54) 0.50 (1.10)c 0.64 (1.21)d 0.32 (0.93)d 0.30 (0.88) 0.24 (1.04)b 1.00 (0.93)e
Data presented as mean (SD). Bold values denote significant differences in BA and BMC Z-scores comparing nonfracturing and fracturing white males.
BA¼bone area; BMC¼bone mineral content; TBLH¼ total body less head; R¼ radius; H¼ total hip; HN¼hip neck; LS¼ lumbar spine.
ap< 0.05.
bp< 0.01, significant differences within the same sex and age group.
cp <0.05.
dp< 0.01.
ep< 0.001: significant differences in BA and BMC Z-scores comparing nonfracturing black females to fracturing and nonfracturing white males, white
females, and black males, respectively.
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significant difference in physical activity at age 10 or 15 years in
black or white females or in black males between those who did
or did not report a previous fracture.
Discussion
This is the first study to demonstrate heterogeneity in the
pathogenesis of fractures in children of different ethnic groups.
White males who reported a previous fracture were more
physically active at ages 10 and 15 years and had greater BA and
BMC at the same ages at all sites than their nonfracturing white
peers. Thus increased physical activity seems to be the key
contributory factor in the pathogenesis of fractures in white
urban South African males. These differences were not present in
white females or in black children; however, in white females,
BMI and lean mass appeared to be contributory factors. The
association with BMI in females has been reported in other
studies,(17,18) but the differences in lean mass have not been
reported previously. No anthropometric or bone mass and size
factors were found to be associated with fractures in black
children when performing comparisons within the same sex and
ethnic groups. Comparing body and bone mass variables of the
different ethnic and sex groups with those of nonfracturing black
females had shown that white males at 10 and 15 years, white
females, and blackmales at 15 years had a greater leanmass; and
white males and females and black males at 15 years had higher
BA and BMC at all sites.
Our findings support those of Clark and colleagues(19) in a
high-income country setting, who described the relationship
between physical activity, bone mass, and fracture risk in mainly
white Caucasian children (3.1% were of nonwhite ethnicity) and
showed that despite having a higher BMD, daily or more
vigorous physical activity increased fracture risk. To the best of
our knowledge, the current study is the first to investigate the
relationship between physical activity, bone mass, and fracture
risk in children of different ethnic origins.
There are both bone-dependent and bone-independent
factors that contribute to fracture risk in childhood.(20) Many
studies have investigated the influence of physical activity,
socioeconomic status, exposure to sunlight, breastfeeding in
early life, and maternal smoking during childhood on bone
mass.(21–24) Flynn and colleagues(25) prospectively followed
8-year-old children for 8 years and concluded that there was
an inverse relationship between bone mass at 8 years of age and
upper limb fracture risk at 16 years of age, and that overweight or
obesity at 8 years of age was also associated with an increased
risk of fracture. In the Avon Longitudinal Study of Parents and
Table 5. Bone Area and Bone Mineral Content Z-Scores (Adjusted for Height and Weight) at 15 Years of Age With and Without a History
of Fractures at Age 15 Years
Bone mass
measurements
(Z-scores)
Females at 15 years Males at 15 years
Blacks Whitesa Blacksb Whitesc
Without
fractures
(n¼ 147)
With
fractures
(n¼ 19)
Without
fractures
(n¼ 45)
With
fractures
(n¼ 20)
Without
fractures
(n¼ 146)
With
fractures
(n¼ 33)
Without
fractures
(n¼ 30)
With
fractures (n¼ 25)
TBLH BA 0.00 (1.00) 0.20 (0.65) 0.60 (0.92) 0.90 (1.23) 0.64 (1.13) 0.72 (0.94) 1.61 (1.13)e 2.43 (1.01)
R 1/3 BA 0.00 (1.00) 0.01 (1.02) 1.03 (1.02) 1.05 (1.25 1.19 (1.19) 1.38 (1.25) 2.33 (1.23)e 3.12 (1.21)
R mid BA 0.00 (1.00) 0.04 (0.98) 0.99 (1.01) 1.05 (1.26) 1.14 (1.19) 1.31 (1.22) 2.27 (1.23)e 3.08 (1.19)
R ultra distal A 0.00 (1.00) 0.08 (0.90) 0.92 (1.00) 1.03 (1.26) 1.04 (1.19) 1.20 (1.16) 2.16 (1.22)e 2.98 (1.16)
R total BA 0.00 (1.00) 0.04 (0.97) 0.99 (1.01) 1.05 (1.26) 1.13 (1.19) 1.30 (1.22) 2.26 (1.23)e 3.07 (1.19)
H BA 0.00 (1.00) 0.04 (1.10) 1.10 (1.03) 1.05 (1.23) 1.29 (1.19) 1.49 (1.30) 2.41 (1.22)d 3.16 (1.23)
HN BA 0.00 (1.00) 0.04 (0.97) 0.99 (1.01) 1.05 (1.26) 1.13 (1.19) 1.31 (1.22) 2.26 (1.23)e 3.07 (1.19)
LS BA 0.00 (1.00) 0.02 (1.07) 1.08 (1.03) 1.05 (1.24) 1.26 (1.19) 1.46 (1.29) 2.39 (1.22)d 3.15 (1.23)
TBLH BMC 0.00 (1.00) 0.21 (0.61) 0.55 (0.91) 0.87 (1.22) 0.58 (1.12) 0.65 (0.91) 1.52 (1.11)e 2.33 (0.99)
R 1/3 BMC 0.00 (1.00) 0.12 (0.81) 0.81 (0.97) 0.99 (1.26) 0.91 (1.17) 1.03 (1.09) 1.99 (1.20)e 2.82 (1.11)
R mid BMC 0.00 (1.00) 0.16 (0.74) 0.72 (0.95) 0.96 (1.25) 0.80 (1.16) 0.91 (1.03) 1.84 (1.17)e 2.67 (1.07)
R ultra distal BMC 0.00 (1.00) 0.27 (0.52) 0.35 (0.86) 0.74 (1.18) 0.33 (1.07) 0.35 (0.80) 1.13 (1.03)e 1.89 (0.90)
R total BMC 0.00 (1.00) 0.18 (0.69) 0.66 (0.93) 0.93 (1.24) 0.72 (1.14) 0.81 (0.98) 1.72 (1.15)e 2.54 (1.04)
H BMC 0.00 (1.00) 0.11 (0.85) 0.85 (0.98) 1.01 (1.26) 0.96 (1.18) 1.10 (1.11) 2.06 (1.20)e 2.89 (1.13)
HN BMC 0.00 (1.00) 0.22 (0.61) 0.55 (0.91) 0.87 (1.22) 0.57 (1.11) 0.64 (0.91) 1.51 (1.11)e 2.32 (0.99)
LS BMC 0.00 (1.00) 0.23 (0.58) 0.50 (0.89) 0.84 (1.21) 0.51 (1.10) 0.57 (0.88) 1.42 (1.10)e 2.21 (0.96)
Data presented as mean (SD). Bold values denote significant differences in BA and BMC Z-scores comparing nonfracturing and fracturing white males.
BA¼bone area; BMC¼bone mineral content; TBLH¼ total body less head; R¼ radius; H¼ total hip; HN¼hip neck; LA¼ lumbar spine.
ap< 0.05 for all BA and BMC Z-scores between nonfracturing black females and white females with and without fractures.
bp< 0.01 for all BA and BMC Z-scores between nonfracturing black females and blackmales with andwithout fractures except for the RA ultra distal BMC
Z-score in black males with fractures.
cp< 0.001 for all BA and BMC Z-scores between nonfracturing black females and white males with and without fractures.
dp< 0.05.
ep< 0.01, significant differences within the same sex and age group.
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Children (ALSPAC) prospective study, an 89% increased risk of
fracture per 1 SD decrease in size-adjusted BMC at age 9.9 years
was found.(26) Despite the inverse relationship observed
between fracture risk and bone mass, Clark and colleagues(26)
were the first to suggest that the higher bone mass associated
with increased physical activity in children does not necessarily
compensate for the increased exposure to injuries and higher
fracture risk.(19) Studies indicate that African American and
Hispanic children have a significantly higher bone strength than
white children, due to greater bone density at the distal
trabecular bone regions and greater bone density and area at the
cortical sites of the radius and tibia(27); the authors suggest that
the differences in fracture rates reported between different
ethnic groups in adulthood may be traced back to these
differences in bone strength in childhood. Several studies on the
Bt20 cohort have reported greater BMD in black compared to
white children at 9 and 10 years of age(7–9) and more recently
Micklesfield and colleagues(11) have shown that South African
black children have greater bone strength as measured by pQCT;
however, the association between fracture risk and bone
strength or geometry in South African children has to be further
investigated. We postulate that structural differences in bone
geometry may provide protection against fractures in black
South Africans.
We have previously shown in the Bt20 cohort that there was a
significant difference in the grading of trauma associated with
fractures between white and black children, with white children
fracturing at more severe levels of trauma than black children.(6)
McVeigh and colleagues(10) have shown in the same cohort that
white males with the highest physical activity scores have a
greater BMD. Therefore, although more physically active white
males may have higher BMD, this does not appear to protect
them from fracturing.
We have also previously documented that black children are
less physically active than white children,(10) but this does not
seem to negatively impact their bone mass because black
children have a greater hip bone mass, and black girls have a
greater lumbar spine bone mass, than their white peers.(10)
Despite South African black children being less active and
consuming a diet lower in calcium (whites 703–711mg/day
versus blacks 297–331mg/day) than white children,(28) we have
now shown that they fracture less as well. The complexities of
bone turnover and geometry have to be further investigated in
the different ethnic groups to explain the possible pathogenesis
of ethnic differences in fracture rates and bone mass among
children.
A higher BMI at 10 and 15 years of age was the only difference
between white females with and without a history of fractures.
There were no significant differences in any bone mass or
anthropometric measurements in black females with and
without fractures. The Dortmund Nutritional and Anthropomet-
ric Longitudinal Designed (DONALD) study conducted in
Germany on healthy children highlighted the inverse association
between the accrual of bone mass and subcutaneous adipose
tissue in prepubertal females and found that pubertal females
with relatively high subcutaneous fat area (high ratio fat area/fat
mass) were characterized by lower bone strength.(17) Our finding
of increased adiposity being associated with greater fracture riskT
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in white girls is in keeping with previous studies conducted in
white individuals. Goulding and colleagues(18) found that girls
with fractured forearms are often overweight and those with
recurrent fractures and high body weight have a substantially
higher fracture risk than girls with a history of a single fracture.(29)
We have yet to investigate the reasons why increased adiposity
in white females is associated with increased fracture risk. No
previous studies have compared body composition character-
istics and fracture risks in black individuals and this is the first
study to suggest that there does not appear to be an association
between fat mass, or adiposity, and fracture risk in black
girls or boys, despite an increasing (but similar) prevalence
of overweight or obesity in both black and white females. At age
15 years, 24% of BF were overweight and 8% were obese; 22% of
WF were overweight and 5% were obese; 8% of BM were
overweight and 7.5% were obese; and 14% of WM were
overweight and 4% were obese.
There are three potential limitations to this study: first, the
small number of subjects in the white group, which was
influenced by the original samplingmethod that represented the
demographics of racial proportions in urban South Africa.
Despite the small number of white children we were able to
document statistically significant differences in bone size and
area and physical activity between the white boys who did and
did not fracture. Further, in white girls we were able to show an
association between adiposity and fracture risk.
Second, we did not adjust for potential modifiers (socioeco-
nomic, nutrition, and vitamin D status). Vidulich and colleagues(7)
found no effect of nutritional factors on bone mass and stated
that the site-specific ethnic differences in bone mass were not
the result of poor nutrition or poorer households in South African
black children but suggested rather that genetic factors might
play a role. Poopedi and colleagues(30) found no significant
relationship between vitamin D status and BMC in either black
and white subjects in the same cohort; however, an inverse
relationship between fat mass and 25-hydroxyvitamin D was
found in both black and white children.(31) Despite black children
having lower levels of 25-hydroxyvitamin D than white children,
this does not appear to influence their bone health.(30)
Third, the lack of radiological confirmation of fractures might
be considered a limitation of this study; the fracture rates for
whites and blacks previously reported from the Bt20 cohort were
similar to those reported in the current smaller subcohort and
the previous findings were similar between the ethnic groups at
all ages. Furthermore, fracture data that had been previously
collected at year 13 and those collected in the current year-15
questionnaires confirmed the previous fracture rates. The use of
skeletal diagrams also verified the site of fracture and were filled
in with the help of the parent or caregiver for accuracy and
completeness. Although there was no available radiological
proof of fractures, both public and private health facilities in
urban areas would have performed radiological assessments to
confirm fractures, so self-reported data are likely to be reliable.
Despite the lack of X-ray verification, there are no known
systematic differences in the presentation of children from
the different ethnic groups with fractures. All children less than
6 years old receive free health care at public hospitals and only a
minimal fee for those older than 6 years is charged. Furthermore,
primary and community health care clinics offer free services to
all, thus individuals of a lower socioeconomic status can seek
medical attention without any hindrance when warranted; it is
therefore unlikely that fractures go undiagnosed. Unfortunately,
there are no data available to confirm this.
In view of the more complete bone mass measurements for
the black as opposed to the white children, there may be a
potential ascertainment bias with regard to the bone mass
findings; however, because the proportions of fractures in
participants with fracture but no bone mass measurements are
similar to those with bone mass measurements in both the black
and white children, this bias is highly unlikely.
The present study did not explore ethnic differences in bone
geometry and volumetric BMD measurements using peripheral
quantitative computed tomography, or their relationship to
fractures; it is possible that further insights into the reasons for
the ethnic differences in fracture risk may come to light.
Conclusions
The pathogenesis of fractures in South African children appears
to differ between ethnic groups. The white males with fractures
were taller and had greater lean tissue mass than their
nonfracturing peers. However, it appears that increased physical
activity (formal sport), possibly leading to a greater opportunity
for injury, is the contributory factor to the increased incidence of
fractures despite greater bone mass and size. In white females
with fractures, a higher BMI was found, in keeping with other
studies. No such associations between physical activity or body
composition and fractures were found in the black children.
Further studies are necessary to investigate the relationship
between bone geometry and fracture risk in children of different
ethnic groups worldwide to determine whether genetic or other
environmental factors are important contributory factors.
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Abstract
Summary The associations of fracture prevalence and bone
mass in adolescents with maternal fracture history and bone
mass have not been investigated previously in South Africa.
Maternal bone mass has a significant inverse association with
their adolescents' fracture rates and bonemass across all ethnic
groups.
Introduction Differences in fracture rates and bone mass be-
tween families and individuals of different ethnic origins may
be due to differing lifestyles and/or genetic backgrounds. This
study aimed to assess associations of fracture prevalence and
bone mass in adolescents with maternal fracture history and
bone mass, and sibling fracture history.
Methods Data from 1,389 adolescent–biological mother pairs
from the Birth to Twenty longitudinal study were obtained.
Questionnaires were completed on adolescent fractures until
17/18 years of age and on sibling fractures. Biological mothers
completed questionnaires on their own fractures prior to the age
of 18 years. Anthropometric and bone mass data on adoles-
cent–biological mother pairs were collected.
Results An adolescent's risk of lifetime fracture decreased
with increasing maternal lumbar spine (LS) bone mineral
content (BMC; 24 % reduction in fracture risk for every unit
increase in maternal LS BMC Z-score) and increased if they
were white, male, or had a sibling with a history of fracture.
Adolescent height, weight, male gender, maternal bone area
and BMC, and white ethnicity were positive predictors of
adolescent bone mass. White adolescents and their mothers
had a higher fracture prevalence (adolescents 42 %, mothers
31 %) compared to the black (adolescents 20 %, mothers 6 %)
and mixed ancestry (adolescents 20 %, mothers 16 %)
groups.
Conclusion Maternal bone mass has a significant inverse
association with their adolescent off-springs' fracture risk
and bone mass. Furthermore, there is a strong familial com-
ponent in fracture patterns among South African adolescents
and their siblings.
Keywords Adolescents . Biological mothers . Bonemass .
Family patterns . Fractures . SouthAfrica
Introduction
Heritability [1, 2] and lifestyle factors [3] of both mother
during pregnancy and child influence the accrual of peak bone
mass and impact the risk of osteoporosis in later adulthood.
Intrauterine programming and environmental influences dur-
ing early childhood may modify peak bone mass accrual.
There is no consistent long-term effect of low birth weight
on bone mineral density and hip fracture risk later in life [4]
but thinness in childhood may be a risk factor for fracture in
later life [5]. A meta-analysis and systematic review showed
that higher birth weight is associated with greater bone min-
eral content (BMC) in adulthood [6] and, in almost all of those
studies, this relationship was independent of body size. Coo-
per et al. [7] concluded that infant growth and physical activity
in childhood are important determinants of peak bone mass in
women. However, it has also been shown that gains in bone
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mineral accretion during childhood via interventions such as
increased physical activity and nutrient supplementation may
only be transient, thus promoting the hypothesis that bone
mass is ultimately governed by a homeostatic system which
tends to return towards a yet-to-be defined set point [8].
Whether this set point is genetically predetermined needs to
be further investigated. Our research group has shown that
heritability of bone area (BA) and BMC by maternal descent
is approximately 30 % in South African pre/early pubertal
black and white children, despite ethnic differences in both
body and bone size, as well as in lifestyle [9]. The pattern of
ethnic differences in bone strength in youth [10, 11] is similar
to the reported ethnic differences in fracture rates in adults
[12–14], suggesting that these differences in fracture rates
may track back to differences in bone strength in childhood
and adolescence.
Although heritability has been shown to be an important
determinant of bone mineral accrual and fracture risk in other
countries [15], no information is available on the differences
in bone mass and fracture patterns between families of differ-
ent ethnic backgrounds in South Africa. In this study, we were
interested in assessing the associations between bone mass
and fracture history of mothers with those of their adolescent
children. We hypothesized that as there is a strong association
between the bone mass measurements of adolescent–biologi-
cal mother pairs, maternal bone mass will influence fracture
prevalence in their adolescent offspring and that a history of
fractures in the mother or other siblings will be associatedwith
an increased risk of fractures in the adolescent.
Methods
Study population
Data from 1,389 adolescent–biological mother pairs from the
Birth to Twenty (Bt20) longitudinal study of child health and
development were used. All eligible neonates (n=3,273) born
within a 7-week period (April 23 to June 8, 1990) in the
greater Johannesburg metropolitan area in South Africa were
recruited at birth into the Bt20 study. Although the total cohort
is demographically similar to long-term resident families liv-
ing in Soweto, Johannesburg, the cohort under represents
white children due to white families generally utilizing private
practitioners and facilities which were excluded during initial
enrolment. To compensate for this, at the age of 10 years, we
recruited a supplementary sample of 120 white children born
during the same period as the cohort children in 1990 into the
bone health sub-study of the Bt20 cohort. Of the 3,273 chil-
dren in the cohort initially, contact has been maintained with
more than 70 % at the age of 16 years. A cohort profile
describing the study sample, research objectives and attrition
has been documented by Richter et al. [16]. An adolescent's
ethnic classification was defined by the race classification
currently used in South Africa for demographic and restitution
purposes. The South African government currently classifies
race into black (B; ethnic Africans), white (W; Europeans,
Jews and Middle Easterners), coloured or mixed ancestry
(MA; mixed race) and Indian (South Asian), and only adoles-
cents whose parents were classified as being of the same
ethnic group were included. Data from 1,389 adolescent–
biological mother pairs were analysed for this study. The
ethnic breakdown of the study sample was predominantly B
(1,170 (84.2 %)), with the remainder of the cohort being made
up of W (91 (6.6 %)) and MA (128 (9.2 %)). Indian adoles-
cents and their mothers were excluded as the number of
participants was too few to make meaningful comparisons.
Children who had chronic diseases such as rheumatoid arthri-
tis, epilepsy and asthmawere excluded from the data analyses,
as the use of certain medications and immobility are associat-
ed risk factors for low bone mass and may increase the
incidence of fractures. All subjects provided assent and their
parents/guardian provided written, informed consent. Ethical
approval for the study was obtained from the University of the
Witwatersrand Committee for Research on Human Subjects.
Fracture questionnaire
A fracture questionnaire was completed by each adolescent
with the assistance of his/her parent or caregiver at 15 and 17/
18 years of age. The questionnaire at age 15 included infor-
mation on previous fractures from birth until 15 years of age,
including site of fracture with the aid of a skeletal diagram,
and the causes and age at fracture. At age 17/18, the fracture
questionnaire included information on fractures that had oc-
curred since their previous questionnaire. Mothers/caregivers
also completed a questionnaire on fractures occurring since
birth in the adolescent's sibling(s). Biological mothers com-
pleted questionnaires on their own fractures prior to the age of
18 years. Due to the retrospective nature of the fracture data
collection, the fractures could not be verified by radiographs.
Anthropometric measurements and dual-energy X-ray
absorptiometer-derived parameters
Anthropometric measurements and bone mass data on the
subjects at the age of 17/18 years were used for this study.
Biological mothers' anthropometric data and bone mass mea-
surements had been collected over 2 years when the adoles-
cents were approximately 13 years of age. Height was mea-
sured to the nearest millimetre using a stadiometer (Holtain,
Crosswell, UK). Weight was measured to the last 100 g using
a digital scale (Dismed, Halfway House, South Africa), with
participants wearing light clothing and no shoes. Tanner stag-
ing of pubertal development was assessed by the adolescents
privately using a validated protocol based on Tanner's Sexual
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Maturation Scale [17]. This scale, which had been previously
validated for black South Africans [18], consists of drawings
and explanations of the five Tanner stages of secondary sexual
characteristics (breast development in females and genital
development for males), ranging from stage 1 (pre-pubertal)
through stage 5 (post-pubertal). Same sex researchers were
available to assist the adolescents if necessary.
Total body (TB) and lumbar spine (LS) BA and BMCwere
measured in both the adolescents and biological mothers using
a Hologic QDR 4500A dual-energy X-ray absorptiometer
according to standard procedures using the same software
version for both the adolescents and biological mothers (soft-
ware version 11.2, Hologic, MA, USA).
Statistical analyses
The data were analysed using SAS (version 9.3) package. In
the descriptive analysis of the adolescent–biological mother
pair characteristics, the baseline data were summarized as
means (standard deviations). ANOVA was used to test for
differences in age and anthropometric measurements;
ANCOVA, adjusting for height and weight, was used to test
for differences in bone mass (bone mineral content and bone
area) measurements between ethnic groups. Bonferonni cor-
rection was used for post hoc comparisons of individual
groups. Categorical data were summarized as numbers and
percentages. Comparisons were made between those who had
and had no fracture(s) using chi-square or Fisher's exact
analysis. A p value of <0.05 was considered to be statistically
significant. Ethnicity was dummy coded in all regression
models, with whites as the reference group. The pubertal
stages of the adolescents were recorded into early puberty
(Tanner 1–3) and late puberty (Tanner 4–5) for use in the
regression models. Multiple forward selection and backward
elimination stepwise regression analyses examined the inde-
pendent contributions of various factors to adolescent TB and
LS BA and BMC, and all variables left in the model are
significant at 0.15 level for inclusion or exclusion. Logistic
regression analyses were performed to determine the factors
influencing fracture risk in the adolescents before and after
adjusting for confounding variables. The maternal bone mass
measurements used in the logistic regressions were converted
to Z-scores using the entire cohort of mothers as the reference
group.
Results
Of the 3,273 neonates originally enrolled in the Bt20 cohort,
fracture and bone mass data were available on 1,389 adoles-
cents at age 17/18. Bone mass measurements were available
on nearly all of their biological mothers (WB=1,383 and
LS=1,261); however, information on previous fractures was
only available on 688 (~50 %) of these. There were no
differences in age, anthropometric data and bone mass mea-
surements between those mothers who did complete the frac-
ture questionnaire and those who did not (data not shown).
Figure 1 depicts the attrition of subjects in the cohort from
birth until 17/18 years of age. The figure also shows the
numbers of fracture questionnaires and bone mass measure-
ments available at age 17/18 on adolescent–biological mother
pairs as well as the number of fracture questionnaires on the
siblings of the 17/18-year-old adolescents.
Anthropometric and bone mass measurements
The baseline descriptive data of the adolescent–biological
mother pairs of the different ethnic groups are shown in
Tables 1 and 2. White adolescent males were heavier, had a
greater BMI and were taller than black and MA adolescent
males. White adolescent females were taller than black and
MA adolescent females, but black adolescent females were
heavier and had a greater BMI than the MA adolescent
females.
After adjusting for height and weight, white males had a
greater TB BA, LS BA and LS BMC than the males of the
other ethnic groups. Mixed ancestry adolescent females had
significantly lower TB BA than the black and white adoles-
cent females. Adjusted TB BMC was not significantly differ-
ent between the ethnic groups in either the adolescent males or
females. Pubertal development was less advanced in black
adolescent males than in other ethnic groups.
There were no differences in age or weight between the
mothers in the different ethnic groups. White mothers were
taller and had a lower BMI than their black and mixed ances-
try peers. After adjusting for height and weight, black mothers
had greater TB BA and BMC than mothers in the other two
groups.
Fig. 1 Flow diagram describing the attrition of study participants from
birth until 17/18 years of age including the number of adolescent–bio-
logical mother pairs and their siblings with fracture and bone mass data
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Predictors of BA and BMC in 17–18-year-old adolescents
To determine factors that made a significant contribution to
adolescent TB and LS BA and BMC, ethnicity, gender, ado-
lescent height, adolescent weight, Tanner stage (sub-divided
into early or late puberty), maternal height, maternal weight,
maternal TB and LS BA and BMC were chosen as candidate
explanatory variables for the multivariate stepwise regression
analyses. The results from regression models are presented in
Table 3. Puberty was excluded from the analyses due to a lack
of correlation. Including adolescent height, weight and mater-
nal BA (except of TB that contributed minimally) and BMC
resulted in the highest partial R2 values for the respective
adolescent bone variables. Maternal height and weight were
Table 1 Anthropometric and bone mass measurements of 17/18-year-old adolescents
Anthropometric and bone mass
measurements
Whites Blacks Mixed ancestry p Values
Males Females Males Females Males Females Males Females
n Mean
(SD)
n Mean
(SD)
n Mean
(SD)
n Mean
(SD)
n Mean
(SD)
n Mean
(SD)
Age (years) 41 17.8 50 17.8 577 17.9 593 17.9 61 18.2 67 18.2 MA>B* MA>B*
(0.3) (0.2) (0.4) (0.4) (0.5) (0.5) MA>W* MA>W*
Weight (kg) 41 72.3 50 61.7 577 59.1 590 59.2 61 59.4 67 53.8 W>B* W>MA**
(12.4) (12.9) (8.9) (11.9) (12.6) (11.7) W>MA* B>MA**
Height (m) 41 1.78 50 1.66 577 1.71 590 1.60 61 1.71 67 1.60 W>B* W>B*
(0.09) (0.07) (0.07) (0.06) (0.07) (0.06) W>MA* W>MA*
BMI (kg/m2) 41 22.6 50 22.4 577 20.1 590 23.2 61 20.3 67 21.1 W>B* B>MA*
(3.1) (4.1) (2.6) (4.5) (3.8) (4.2) W>MA***
TB BA (cm2) 41 2,336.2 50 2,010.7 577 2,086 593 1,883 61 2,045 67 1,781 W>B* W>B*
(225.3) (176.8) (180.2) (165.1) (205.3) (157.6) W>MA* W>MA*
B>MA*
Adjusted TB BA (cm2)a 41 2,087.8 50 2,026.8 577 2,051.4 590 2,008.2 61 2,013.4 67 1,956.9 W>B*** W>MA*
(13.6) (11.9) (3.8) (4.4) (10.8) (10.6) W>MA* B>MA*
B>MA***
TB BMC (g) 41 2,694.8 50 2,144.5 577 2,308.9 593 2,034.2 61 2,310.0 67 1,894.5 W>B* W>MA*
(446.5) (282.8) (344.2) (282.9) (388.1) (268.2) W>MA* B>MA**
Adjusted TB BMC (g)‡ 41 2,354.2 50 2,158.6 577 2,277.5 590 2,185.3 61 2,280.9 67 2,130.9 NS NS
(37.2) (32.4) (10.4) (12.0) (29.5) (28.9)
LS BA (cm2) 41 68.9 50 57.8 575 62.7 593 54.5 61 61.8 67 53.2 W>B* W>B**
(6.2) (5.4) (6.0) (5.9) (5.6) (5.8) W>MA* W>MA*
Adjusted LS BA (cm2)a 41 62.8 50 58.8 575 60.7 590 58.8 61 60.0 67 57.8 W>B** NS
(0.8) (0.7) (0.2) (0.2) (0.6) (0.6) W>MA**
LS BMC (g) 41 71.8 50 56.1 575 58.3 593 53.1 61 59.0 67 50.1 W>B* W>MA***
(12.6) (10.0) (10.8) (9.6) (10.9) (8.5) W>MA*
Adjusted LS BMC (g)a 41 62.8 50 56.8 575 56.7 590 58.0 61 57.6 67 56.5 W>B* NS
(1.4) (1.2) (0.4) (0.5) (1.1) (1.1) W>MA**
Pubertal status
Stage 1 0 0 % 0 0 % 0 0 % 0 0 % 0 0 % 0 0 %
Stage 2 0 0 % 0 0 % 2 0.4 % 0 0 % 0 0 % 0 0 % W>B*
Stage 3 1 2.4 % 5 10 % 74 13.8 % 81 14.3 % 3 7 % 4 9.3 % MA>B** NS
Stage 4 14 34.2 % 22 45 % 319 59.5 % 275 48.7 % 20 46.5 % 18 41.9 %
Stage 5 26 64.4 % 22 45 % 141 26.3 % 209 40.0 % 20 46.5 % 21 48.8 %
Data are presented as number (n) and percentage (%) or means (SD). Data compared between groups using ANOVA for continuous data and chi-square
or Fisher's exact for categorical data
NS not significant, TB total body, LS lumbar spine, BA bone area, BMC bone mineral content
P values presented for ethnicity in male and females separately (W white, B black, MA mixed ancestry): *p<0.001, **p<0.01, ***p<0.05
aAdjusted BA or BMC is adjusted for weight and height, and is presented as means
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negative predictors of adolescent BA and BMC, but contrib-
uted minimally to the overall variance. White ethnicity was a
positive predictor of TB BA and BMC and LS BMC, and
male gender was a positive predictor of TB BA and BMC and
LS BA.
Factors associated with fractures in 17/18-year-old
adolescents
Of the 1,389 adolescents with fracture data, 91 (6.6 %) were
W, 1,170 (84.2 %) were B and 128 (9.2%) wereMA. Twenty-
Table 2 Anthropometric and bone mass measurements of mothers
Anthropometric and bone mass measurements Whites Blacks Mixed ancestry p Value
n Mean (SD) n Mean (SD) n Mean (SD)
Age (years) 91 39.9 (5.1) 1,170 40.0 (7.0) 128 41.1 (6.7) NS
Weight (kg) 91 72.2 (16.4) 1,165 75.7 (16.3) 127 73.8 (16.5) NS
Height (m) 91 1.65 (0.06) 1,165 1.59 (0.06) 127 1.59 (0.07) W>B*, W>MA*
BMI (kg/m2) 91 26.5 (6.2) 1,165 30.1 (6.2) 127 29.0 (6.4) W<B*, W<MA**
TB BA (cm2) 91 2,016.5 (149.5) 1,170 1,953.5 (154.8) 128 1,903.9 (171.7) W>B*, W>MA*, B>MA**
Adjusted TB BA (cm2)a 91 1,955.5 (8.1) 1,165 1,986.4 (2.4) 127 1,933.7 (6.8) B>W*, B>MA*, W>MA***
TB BMC (g) 91 2,229.5 (276.9) 1,170 2,211 (315.6) 128 2,139 (336.7) B>MA***
Adjusted TB BMC (g)a 91 2,149.2 (24.7) 1,165 2,252.4 (7.4) 127 2,181.5 (20.6) B>W*, B>MA**
LS BA (cm2) 91 60.6 (5.4) 1,067 55.4 (5.8) 107 55 (5.5) W>B*, W>MA*
Adjusted LS BA (cm2)a 91 58.0 (0.5) 1,064 57.1 (0.2) 106 55.8 (0.4) W>MA*, B>MA***
LS BMC (g) 91 61.5 (10.7) 1,067 56 (10.8) 107 55.1 (10.7) W>B*, W>MA*
Adjusted LS BMC (g)a 91 58.1 (1.0) 1,064 58.1 (0.3) 106 56.6 (0.9) NS
Data are presented as means (SD). Data compared between groups using ANOVA for continuous data
P values presented for ethnicity (W white, B black, MA mixed ancestry): *p<0.001, **p<0.01, ***p<0.05
NS not significant, TB total body, LS lumbar spine, BA bone area, BMC bone mineral content
a Adjusted BA or BMC is adjusted for weight and height, and presented as means (SE)
Table 3 Regression models describing the relationship between predictors and adolescent bone area and bone mineral content
TB BA (n=1,269) TB BMC (n=1,269) LS BA (n=1,169) LS BMC (n=1,169)
Parameter
estimate
SE Partial
R2
Parameter
estimate
SE Partial
R2
Parameter
estimate
SE Partial
R2
Parameter
estimate
SE Partial R2
Intercept −525.3 77.3 −672.2 190.5 −27.1 3.9 −28.9 7.4
Whites 39.21 9.6 0.002* 62.4 24.9 0.002** – 2.2 1.0 0.003**
Males 53.9 6.7 0.006* 115.6 17.4 0.018* 2.3 0.4 0.019* –
Adolescent height
(m)
1,345.9 42.5 0.660* 1,486.5 110.3 0.409* 51.7 2.3 0.580* 47.8 3.0 0.275*
Adolescent weight
(kg)
8.47 0.2 0.170* 14.0 0.6 0.170* – 0.25 0.02 0.051*
Late Tanner stage – 27.3 17.9 0.001 – –
Maternal height (m) −485.8 66.9 0.005* −709.4 132.4 0.007* −10.7 3.0 0.004* −14.1 5.0 0.003**
Maternal weight (kg) −1.4 0.2 0.003* −2.9 0.4 0.012* – −0.03 0.02 0.004***
Maternal bone
measurement
0.32 0.03 0.004* 0.37 0.03 0.029* 0.29 0.03 0.021* 0.28 0.03 0.084*
Total R2 0.852* 0.648* 0.624* 0.420*
Mother's bone measurement corresponds to the respective TB or LS BA or BMC value for each column. All variables left in the model are significant at
the 0.15 level
TB total body, BA bone area, BMC bone mineral content, LS lumbar spine
*p<0.001, **p<0.05, ***p<0.01
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two percent of the adolescents reported a history of having
fractured a bone previously. The percentage of white children
who reported fractures was double that of the other groups (W
42 % vs. B 20 % and MA 20 %; both p<0.001).
Twenty-two percent of adolescents who had siblings had a
history of fractures. Of these adolescents who had fractures,
23 % of their siblings had also sustained a fracture, while for
those adolescents without a fracture history, only 14% of their
siblings had fractures (23 vs. 14 %; p<0.01).
Of the 688 biological mothers, who completed the fracture
questionnaire, 60 (9 %) indicated that they had sustained a
fracture before the age of 18 years (white mothers 31 %,
mixed ancestry 16 %, black mothers 6 %; W>B, p<0.001;
MA>B, p=0.01). Unlike the pattern of fracture incidence
among the adolescents and their siblings, there was no differ-
ence in the prevalence of fractures among the adolescents of
mothers who had or did not have a history of fractures.
Bivariate logistic regression analyses were initially
performed for the whole group to assess if any confounding
variables, such as weight, height, ethnicity, gender, pubertal
stage, adolescents' and mothers' BA and BMC (TB and LS),
and sibling history of fracture or maternal history of fracture,
were individually associated with adolescent fracture risk. In
these analyses, the adolescent's risk of fracture was higher if a
sibling had a history of fracture (OR=1.6, 95 % CI 1.12–2.32,
p=0.01), but was not associated with maternal history of
fracture (OR=1.09, 95 % CI 0.63–1.86, p=0.762). Neither
adolescent weight nor pubertal stage was associated with
fracture risk of the entire cohort; however, height was posi-
tively associated with the risk of fracture (OR=9.85, 95 % CI
2.31–41.83, p<0.01), and males were at greater risk of frac-
ture compared to females (OR=1.73, 95 % CI 1.33–2.24,
p<0.001). Adolescent TB BA (OR=1.0008, 95 % CI
1.0002–1.001; p<0.05) and TB BMC (OR=1.0004, 95%CI
1.000002–1.0007, p<0.05) were both marginally associated
with increased fracture risk. Maternal LS BMC was inversely
associated with fracture risk in their adolescent offspring
(OR=0.80, 95 % CI 0.7–0.93; p<0.01). White adolescents
had a greater risk of fracture than other ethnic groups
(OR=2.82, 95 % CI 1.82–4.37, p<0.001).
Multivariate logistic regression analyses were performed
on the entire group (n=1099) to determine the risk factors for
fractures in the adolescents. The factors which had been found
to be significantly associated in simple logistic regression and
multiple regression analyses were included in the model,
namely gender, ethnicity, sibling history of fracture, adoles-
cent and maternal heights, adolescent TB BA and BMC, and
maternal LS BMC. Only the significant risk factors for ado-
lescent fracture risk are shown in Table 4. White ethnicity and
male gender remained significant, with a greater risk of ado-
lescent fracture. The adolescent's risk of fracture was 50 %
greater if a sibling had a history of fracture (OR=1.5, 95 % CI
1.02–2.21, p<0.05).Maternal LSBMCwas protective against
the risk of fracture in the adolescent (24 % reduction in
fracture risk for every 1 unit increase in maternal BMC Z-
score).
Discussion
To our knowledge, this is the first paper to describe the
familial patterns of fracture risk in adolescents and its rela-
tionship with bone mass measurements in adolescent–biolog-
ical mother pairs of different ethnic backgrounds. The main
findings of this study were that an adolescent's risk of fracture
was decreased if his/her mother had a greater lumbar spine
BMC (24 % reduction in fracture risk for every SD increase in
maternal BMC), but was increased if a sibling had a history of
fracture or if the adolescent was white or male. Adolescent
height and weight, maternal BA and BMC, males and white
ethnicity were positive predictors of adolescent bone mass.
Lastly, there was a higher prevalence of fractures in white
mothers prior to 18 years of age compared to the other ethnic
groups, a pattern similar to that of their adolescent children,
which we have reported previously [19]. However, we were
unable to show any association between a maternal history of
childhood/adolescent fractures and the prevalence of fractures
in their adolescent offspring.
Maternal influences such as gestational height, adiposity
and vitamin D status have been postulated to be important in
intrauterine programming and in the tracking of skeletal de-
velopment and body composition from infancy to adulthood
[20, 21]. These maternal influences are beyond the scope of
this paper, but it will be important to determine if these factors
predict or influence fracture risk and bone mass in adolescents
from the different ethnic groups in South Africa.
Although the positive relationship between the mother's
bone mass and her offspring's has been researched and docu-
mented worldwide [1, 22–24], the finding that maternal bone
mass might influence her offspring's fracture prevalence dur-
ing childhood and adolescence has not been reported
Table 4 Odds ratios for fractures in 17/18-year-old adolescents
Fractures (n=1,099) Adjusted odds
ratio
95 % Confidence
interval
Whites 3.16* 1.89–5.32
Males 1.94** 1.25–2.99
Sibling history of fracture 1.50*** 1.02–2.21
Maternal LS BMC (Z-score) 0.76** 0.63–0.91
Odds ratios are adjusted for all other variables in the table and for
adolescent–mother pair heights and adolescent TB BA and BMC
LS lumbar spine, BMC bone mineral content
*p<0.001, **p<0.01, ***p<0.05
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previously. Intuitively, this association should not be surprising
as several studies, although not all [25–28], have shown that
children who had fracture(s) tend to have reduced BMC and
BA compared to their peers who had no fractures, and genetic
inheritance (maternal and paternal bone mass) plays a large role
in determining childhood BMC, BA and peak bone mass [29].
However, in our earlier study of the Bt20 cohort [30], we did
not find an inverse association between fracture history preva-
lence and bone mass at two time points during childhood and
adolescence. In fact, in white males, there was a positive
association between fracture risk and bone mass [30], possibly
associated with increased contact sport participation [19]. Thus,
the association between maternal LS BMC and adolescent
fracture risk might be a proxy for structural differences in the
adolescents, with low maternal BMC indicating poorer adoles-
cent bone strength rather than differences in bone mass per se.
In addition to predicting adolescent fracture, maternal bone
mass was also an independent predictor of adolescent BA and
BMC. Twin- and family-based studies have indicated that 60–
85 % of the variance in BMD is genetically determined [1,
22–24, 31]. All of these studies indicate that the bone mass of
pre- and post-menarche daughters is related to the BMD of
their mothers. Most workers have found correlations between
0.22 and 0.58 in parent/children pairs or mother/children pairs
[1, 29]. We found similar heritability rates (approximately
30 %) by maternal descent in pre-pubertal and early pubertal
South African children [9], indicating that genetics plays an
important role in determining bone mass in black, white and
mixed ancestry South African children.
The pattern of differences in fracture prevalence between
ethnic groups was similar in the biological mothers to that of
their adolescent offspring, with the white mothers and adoles-
cents reporting the highest prevalence of fractures (white
mothers 31 % vs. blacks 6 % vs. MA 16 %). It is likely that
the actual prevalence is higher than that recorded as the
fractures were historic, occurred during childhood and had
no means of verification. However, these figures are higher
than those reported by an older group of men and women
(>50 years of age) participating in the European Prospective
Osteoporosis Study (EPOS). They reported a fracture preva-
lence between the ages of 8 and 18 years of 8.9 % in men and
4.5% inwomen [32].Wewere unable to show any association
between the history of childhood/adolescent fractures in
mothers and the prevalence of fractures in their adolescent
offspring within each ethnic group (data not shown). The
findings support those of Ma and Jones who did not observe
any association between the prevalence of childhood fractures
in offspring and maternal fracture history (but the number of
participants was small) [33]. However, we did show an asso-
ciation within the same family, as the prevalence of sibling
fractures was significantly higher in families who had adoles-
cents who had fractures (23 %) than in families whose adoles-
cents had no fractures (14 %). Similar evidence of fracture
association among siblings has been reported from Poland,
where more than 50 % of adolescents with multiple fractures
indicated that at least one family member had sustained a frac-
ture, while only 29 % of the adolescents who had no fractures
had a family member who had fracture(s) [34].
We were unable to show an association between the risk of
childhood fractures and bone mass measurements at 17/
18 years of age for the entire group. There are conflicting
results concerning the association between childhood frac-
tures and bone mass around the time of peak bone mass
attainment. Several studies have found that childhood frac-
tures are associated with low adult BMD [35],[36], but this
was not confirmed by Kawalilak et al. [37]. The EPOS study
conducted in over 50-year-old adults supports the latter study
in that BMD was similar among those who did and did not
report sustaining a fracture during childhood [32].
This study has several limitations. It relies heavily on the
self-reporting of historical childhood fractures in adolescents,
their siblings and their mothers. Being historical, we could not
verify the occurrence of the fracture, its site, or if X-rays
confirmed the presence of a fracture. Thus, we are dependent
on memory of fracture events which is likely to be influenced
by the severity of the fracture and the time between complet-
ing the questionnaire and the fracture event, which in the case
of themothers was at least 20 to 30 years. Potential differences
in literacy between the black and white participants are not
relevant as questionnaires were completed with the help of a
research assistant. To assess data quality, the fractures were
verified telephonically in 51 (17 %) of the adolescents who
reported fractures. Forty-eight (94 %) confirmed having one
or more fractures. Of the remaining three, two had reported
strains as fractures, and one had reported no history of frac-
tures in the initial questionnaire. Of the reported fractures, 46
(96 %) were said to have been diagnosed by a doctor, and one
by a nursing sister. Eighty-nine percent (42/48) had confirmed
that they had had a radiograph performed, three did not and
two could not remember. Finally, this study did not include
confounding variables such as vitamin D levels, calcium
intake, physical activity scores or socioeconomic status, but
the relationship between sports activities and fractures has
been reported previously in this cohort [30].
Conclusions
We have shown that fracture history in South African adoles-
cents is significantly associated with maternal bone mass as well
as a fracture history in their siblings. There is also a strong ethnic
component in fracture patterns within South Africa as the prev-
alence of fractures is higher in white South African families
compared to the other ethnic groups. It has been reported that
bone strength is lower in whites or Caucasians compared to other
ethnic groups [10, 11], probably increasing their risk of fracture.
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Thus, further studies, using different techniques such as pQCT,
are required to tease out the underlying physiological mecha-
nisms for the differences in fracture rates among children of
different ethnic groups within South Africa.
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